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FOREWORD

This report contains the results oi a research study supported

by the Advanced Research Projects Agency under ARPA order No. 2484. The

ARPA Project Officer was Dr. Staniey Ruby, Materials Sciences.

This report is presented in three volumes, containing the

following major sections,

Volume 1.

11
III

Volume 2.

v

v

Vi
Vil

Volume 3.

Viil
X

Y

Interactions of Materials with New Fuels

Introduction

General Characteristics of New Fuels
Behavior of Engineering Materials in New Fuel
Environments

Materials Aspects of the Use, Production, Transportation
and Storage of New Fuels

Materials Aspects of the Use of New Fuels

Materials Aspects of the Production of New Fuels
from Nonfossil Sources

Materials Aspects of the Transportation of New Fuels
Materials Aspects of the Storage of New Fuels

Materials Research Needs in Advanced Energy Systems
Using New Frels

Correlation ond Analysis of Materials Requirements
Research Recommendations and Priorities

The authois of this report would like to acknowledge the valuable contra-

butions to the performance of this study by the following SRI staff

members: T. Anyos, M. Barnes, E. Capener, T. Goodale, D. Hildenbrand,

P, Jorgensen, G, Koo, R. Weaver, H. Wise, R. Wright, and the Staff

of the Repor: Services Department. We would especially like to

gcknowledge the special assistance of Dr. J. Giner, Consultant, with

iii




regard to the discussions of fuel cells, the electrolytic pruduction of
hydrogen, and high energy density batteries. We would also like to

express our appreciatior of the many members of the staff of government
and industrial organizaiions who gave us the benefit of their knowledge

and experience.
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VIII CORRELATION AND ANALYSIS OF MATERIALS REQUIREMENTS

This section summarizes the materials research, development and
testing programs identified in Sections IV through VII (Volume 2) needed
to support the use, production, transportation, and storage of the new
fuels. The summary is presented in tabular form in Tables VIII-1 through
VIiii-4. Table VIII~1 summarizes the materials research, development, and
testing needs related to the use of new fuels and Table VIII-2 provides
this information for the production of new fuels. Tables VIII-3 and
VIIi-4 summarize the transportation and storage aspects, respectively,

of the study.

The primary grouping used in these tables is the major equipment or
process class. The significance of the various column headings is

described in more detail below.

Item Number (Column 1)

The item number appearing in the first column is a three-digit

number that identifies a specific research, development, or testing need

listed in Column 7. The first of the three digits identifies the major
equipment or proccess class to which the item reiates. For example, in
Table VIII-1 the initial digit 1 refers to the major equipment class of
Turbines. The second digit is allocated to a subclass of eguipment or
process assocjated with a particular fuel. For example, the second
digit 1 in Table VIII-1l is associated with conventional steam turbines
burning hydrogen, whkile the second digit 2 is associated with conven~
tional gas turbines burning hydrogen with air; the second digit § is

asscciated with conventional gas turbineg burniag ammoniz. The {inal

digit refers to a specific materials rescarch, development, or testiug

need itemized in Column 7 of the table.

VIII-1




Equipment Class (Column 2)

The equipment or process class is shown in Column 2 of the table,
with the actual heading varying according to the major topic~-use-pro-
duction, transportation, or storage--with which the table is concerned.
The major equipment or process class is shown capitalized in association
with a single digit in Column 1. Under each major class a number of sub-
classes of equipment or processes are listed to further define the problems
and solutions associated with each major class. For example, in Table
VIII-2 under the major process class of Advanced Electrolyzers, the var-~
ious electrolyzer types are subclassified according to the electrolyte
used. Each electrolyte is indicated by a different second digit in the

item number, as explained above.

Fuel (Column_gl

Column 3 lists the particular fuel with which the research, develop-
ment, and testing need is associated. In some instances, where there is
an option of burning the fuel with air or oxygen, the use of one or the

other 1is noted.

Problem Area (Column 4)

Colunn 4 shows the general problem area in which the research, develop~

ment, and testing need exists. This is generally a particular part of

the specific equipment or process listed in Column 2. In some instances,

it is a generalized statement of a problem, which may or may not have
particular materials aspects. Foi example, in Table VIII-2 conventional
electrolyzers of both unipolar (Item 1.1.1) and bipolar (Item 1.2.1)

types do not suffer from any major materials problem but are generally
deficient in the problem area of efficiency and cost, for which the only

solution appears to be a major improvement in the overall technology.

VIiII-2
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Type of Solution (Column 5)

Column 5 defines the type of activity needed to solve the problem
describeu in Column 4, This may be a materials activity described by
general terms, such as materials research or materials selection, or by
more specific terms, such as catalyst development. In some instances the
activity required may be of a type, such as engineering design, to which
materials oriented activities do not directly contribute. In many
instances, the type of solution involves both materials oriented and

other types of activity.

Materials Problems (Column 6)

Column 6 ideatifies specific materials problems, that are components
of the general problem area listed in Column 4. Several materials problems
may, of course, be identified within a single problem area. In other
instances, such as those where the type of solution indicated in Column 5
does not include a materials activity, Column 6 contains a negative entry,

such as "none" or "none expected.”

Materisls R, D, and T Needs (Column 7)

Column 7 lists the specific program required to solve the materials
problems identified in Column 6. Where posiible these programs are
described in sufficient detail to identify the specific materials activity.
In some instances, an entry is made that indicates general support for
engineering design or development activities. 1In :l-se cases, the precise
nature of the materials research, development, and testing needs cannot
be identified until the engineering effort is in progress. Each entry
in this column is specifically identified by the item number in Column 1,
even when no specific materials research, development, and testing needs

exist.

VIII-3
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Remarks (Column 8)

Column 8 contains comments to clarify the problem area or the program
suggested. In addition, references are made to other items in which

similar or related work is suggested. No comment is indicated by a dash.

Report References (Column 9)

Column 9 is a specific topic reference to Volume 2 of the report.
Additional information and discussion of each problam area can be located
in Volume 2 by using this topic reference in conjunction with the Table

of Contents of the relevant report section.
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TABLE Viii-1
MATERIALS RESEARCH DEVELOPMENT AND TESTING
NEEDED TO SUPPORT THE USE OF NEW FUELS
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Table Vi.l-1
MATLIIIALS RESEARCH DEVELOPMENT AND TESYINC REEDED TO SUPPORT THE USE -
tenm

No. Equiptent Class Ffuel Problem Arca Type cf Solution Materials Problems Material

1. TURBINES

1.1.1 Steam conventional. H, ‘air. Fuel suoply svstem Materia.s selection, H, environment effects. Test materi:

exposed to hydrogen. environment
operating 1
1.1.2 NModified burnerz Nea{gn: nutarials Incressed operating Component t
required. szlection. tamLrature.
Higher flame teupera-~
ture.

1.2.1 Gas, conventional H, (gas or Fuel supply systenms, Materials Sclect:on, Cryogenic temperatures, Determine t
(including indus- liquid) hieat exchanger/gasi- i, environment effects. erties of o
trial, aircraft, /aiv, fier axposed to purity and
marine, and autc- hydrcgen. H, gas envi.
motive types). approximate;

1.2.3 Modifications cequiread Dasign. None expected. None.

for compressor/turbine
matching.

1.2.3 Combustors, vaaes, Hateriale research, Effects of high-tempera- Fundamental

bludes, affected by development and ture, high H,0 content temperature
higher ilame tempera- testing. envirc ts on combuster on SiyN,, C
tures, kigh H,0 con- and turbipe materisis.

t~nt combustion gases.

1.2.4 Determine 1
and oxidstic
candidate al
ings in sim:
gasrs.,

1.2.5 Engineering desiygn and Materiaie behavior in fuel Erosion/cor!

developaent of advanved or water-itouled combustors, and cerasie!
cooliing sethods, vanes or blades. temparature

1.2.6 Behavior of
cgramics in
nately 2500°

1.2,7 Febrication of ceaponents Naterials o

igr advanced cooling dezign and ¢
systems. cooling syst

1.3:1 Gar., hydrogen H, lfquid, Fuel supply system, Naterinls selection. Effects of nigh purity H, Naterials ar
expansion. gasified kaat exchanger/gasi- onvironsent on materials long times |

and burped fler, and turbine of construction {rom ~423°F Effect of H,
with air. exposed tc hydrogen. to 1500°F under steady and ture toughne

fluctuating sStresses.

of stainles:y
brazing ailc

VI3I-3




Table VIII-1

Materials Problems

©IT - -
I Y

DEVELOPMENT AND TESTING NEEDED TO SGPPORT THE USE CI NE¥ FUELS

Materials R, D, and T Needs

T LY

Femnarks

i

LSRR

Report Reference
i vol, 2, Sect. IV

H, environment effects.

Increased operating
temperature.

Test matarials and compuncnts 1n H,
environments to estublish safe
operating limits.

Component testi~ .

Life of boller tubing likely
to increase due to clean
fue) .,

A-1.1, A-4.8, A-5.4

A=l

z selection.

design and

Cryogenic temperatures,
H, environment effects.

Nonc expected.

Effects of high-tempera-
ture, high H,0 content
anvironments on combustor
ar urbine materials.

Naterials behavior in Iuel
or water-cooled combustors,
¥anes or blades.

Fabricaticn of components
for advanced cooling
systeas.

Determine tensile and fatigue prcp-
erties of candidate materials in aigh
purity and deliberately contaminated
B, gas environmentg from -423°F to
approximately GOO°F.

None.

Fundamental studies of eifect of high-
temperature , high-H,0 environments
on SiyN., Cb ulloys, coatings.

Determine creep and fatiguc properties
and oxidation/corrosion resistance of
candidate alloys, cererics and coat-
ings in simulated H,/air combustion
gases.

Erosion/corrosion of candidate alloys
and ceramics in high-velocity, high-
temperature H,0.

Behavior of candidate alloys and
cerarics in My from —i3” to approxi-
mauteiy 23900°F.

Materials enginesring su~port for
design and developsent of sdvanced
<00ling systeams.

Candidate materials tnclude
Al alloys austenitic stain-
less steels, nickel alloys,
and special brazing alloys,

Advauacad composite and Ti
alloy materisls and fabric-
atjon programs for conven-
tionally fueled gas turbines
2re relevant,

Development znd testing of
bigh-temperature alloys,
coatings and ceramics, pro-
copding for Coanventionally
fuaied gas turbines, is
relevant. R, D, and T pro~
grans need expanding to
inclede modified environ-
nents dug to change of fuel.

Requared if water cooiing is
feasible.

aaquireu 1f hydrogen fuel
cooling As feasible.

A~2.2, A-4.4, A-5.8
(See 2lso Vol. 1,
Section 11I-A).

A~2,1, A-4,1

A2, A~4, A-5.2

A~2, A-4, A-5.2

A-2, A~3, A-5.2

A2, A-4, A-5.2

A-2,A°8, A~5.2

selaction.

Effects of high purity Hy
onvironaent on materials

of sonstruction from -423°F
to 1300°F under stasdy ¢nd
fluctuating stresses,

Materiaiz and component testing for
long times in high-purity H gas.
Effect ol B, cn taniile, croep, frac-
ture toughness znd fatigue bohavinr
nf stainless steels, supsralloys and
brazing alleys from ~423°F to 1500°F.

Overiaps items 1.1.1 and
i.2.1.

A-2.2. A~4,3.5,
A~4.9, A-53.4

YIXI-S
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Table VIII-1 (Coatinued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED T0 SUPPORT THZ USE OF

exchangnrs.

selection, developwent
and testing.

enviromeents fron cryogenic
to Migh temperatures; high-
terpe-ature oxidizing
er.vironments, high aerody-
raaic stresses, high-fre-
quensy faligue, thermal
fatigue, sevaire thernel
shock nnd therma. stressos.

Iten
No. Equipment Class Fuel Probles Area Type of Solution Materials Problems Maioriuls §
1. TURBINES (Con't)
1.4.1 Hrdrogen/oxygen. H, (gas or H, supply system. Materials selection. Cryogoenic temperatures, See item 1.2.]
1iquid)/0, H, environment effects.
(gas or
liquid).
1.4.2 0, supply system. Establ:;sh and adnare Ignition of metals and None .
to sai. .y standards. organic materials.
1.4.3 Combustors and turbine Engineering design and Effects of high temperature None at tkis i
components exposed to  developnent of advanced and H,0 environments on
very high temperatures cooling methods. candidute setallic and
and high~temperature Materials R, D, and T, <ceramic materials of con-
,0 environment . constraction.
1.5.1 Gas, conveniional. M, Fuel supply system. Materials selection. Stress corrosion cracking Esiablisk 1im!
of steels, copper alloys, regard o steq
lovel and typ
nant concentri
1.5.2 Compressor and turbine. Design for optimum No special problems expsc—  None.
perforsance, ted.
1.6.) Gas, conventional. Methanol. Fuel aupply system. Materials selection. Avoid Ti alloys, None .
1.8.2 compressor and turbine. Design for optimum None. None.
rerfornance,
1.7.1 Gas, conventional. OO Lo problems expected in - None. Nonw.
fuel supply systems.
1.7.2 Compressor wd turbine. Design for optimem None. None.
periormance.
2. RYVEERSONIC AIRCRAFT It
ENGINES f’
/4
2.t.1 Scramjet. Hy/zir Engines and heat Design, matecials }ughﬂ-/f‘cssure hydrogen Not clearly d

vili-6
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Tanla ¥IIX-1 (Conti.uac)

Report Helerence
Hatariuls Problexs . Materizis R, D, ana T Necaos R Remarks in Yol, 2, Eect. }

———

Cryrgenic temperaturss, Soe itex 1.2.1. See ites 1.7.1. A=1.3, A=5.3
H, envivonment eifects,

b Ignition of metals and None. - See Vol, 1, Secct.
-gafaty standavrds. organic materials. i11-F

<3

Effocts of high temperatire Nore at this time, Initiation «t maturials R, A-<1.3, A-4.2, A~5
and HyQ eavironments on b, and T should await further

candid<te metellin and concept develsjacat, Itewms

ceramic materials oi con- 1.2,3. through 1.2.7 will

construction. generats relevant Jdate.

o v

Sircss corrosion cracking Establish liamits of shenofiena xith Bnsearch prograss piimarily A-3. 8ce alsd
of stecls, copper alioys. regard to stoel cooposition, atress directed to materidss probe- Vol. 1, Sect. IIlL
iavel and type, and ammonia contaai- leus in the transp,mation of D.1.
nant concentration. ammonia will provide mogt of
tlis data.
No special problexs expec~ Noue. - A-3
ted.
Avoid T1 ailoys. None . - A~3. See also
Yol. 1 Sect. 111~
&1
None. Nene. - A-3
None. sone. - A-3
Bign for optimus None. ¥oue, - A-3
pforaince.
. Astarials High-pressure hydrogen Xot clearly definable at this time. Relevant datz will o pro- B.1
Rection, devslopeant enviroaments frae cryogenic duced by Items 1.2.}, 1.2,3,
i testing. to high teaperstures; high- 1,2.4, ang 1.3.1,

temporature oxicizing
savironreaty, high aersdy-
nanic atressas, high-.fre-
geacy fatijue, thermal
fatigue, severc theraal
sbock and toermal streuses.
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Table VI1I-1 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USZ OF NE

Equipment Class Fuel Problem Area Type of Solution Materials Problems Materials R,

ROCKET PROPULSION

ENGINES
Hydrogen/oxygen, i,/0, Turbine drive units Materials selection. High-pressure hydrogen or T temmination of
for fuel pumps., Heat hydrogen/water environ- toughness, creey
exchangers/gasifier ments, Temperature range erties of candi:
(thruest chambir detersined by design, but steels, N1 alloy
cooling). spans -323°F to about high.pressure H,
1500°F, Principal problems envirorments at
at hagher temperatures. the range -428°)
Long life cembustion Dogign, materials fifgh-pressure, V. high-tem- Jaterials and ¢
chamber and nozzle. selection, materials erature, high-velocity L0
develomsent and fabri- environment. Thermal shock,
cation, thermal fatigue.
Monopropellant., Hydrazine, Very long life docempo- Catalyst research and Present iridium catalysts Fundamental stu
gition catalysts, devalegarent. tend to los¢ sctivity and mechanism of ca:
alumina catalyst support deterijoration,

matoerial deteriorates after
long~term intermittent use.

Developrment of

cataiyst.
N.H#H.D, SYSTEMS
Hydrogen fueled. Hy/air or H, cooled magnets. ’ Materials selection. H, environment cffects. None at his ¢
H,/O2 Hot gas channel. Engineering design and Righ-i,C, high-tenperature
Electrode materials. development . gas strean.,
INTERNAL COMBUSTIN
ENGINES
Spark or diesei, Hratr Fuel system components Materials selection. Possible H, environment Long~-tern engin
expased to hydrogen. eifccts. faslure analysi
Minor engine modifiza- Engincering develaop~ None, None.
tions., rent.
Spask or diesel. Ay, Fuel systens cxpused Matarials selection. NH; and M, environment Nonc.
to NH; and H, i1 fuel cifects,
is partly dissociated
to improvo combustion.
Engine modifications Enginecring develop= None, None,
and addition of XH, zent,
ditssociation cquipment.
Spark or dieSel, fiydrazine, %ot defined, - - -
Spark ot Zigsel. sethanol, Xone . -~ - -~

VIii-?




Table VIII-1 (Coatinued)

DEVELOPMENT AND TESTING NEEGED TO SUPPORT THE USE QF NEW FUELS

Report Reference

" Solution Materials Problems Materials R, D, and T Needs Remarks _____in Vol, 2, Sext. IV
=
3 solection. High-pressure hydrogen or Determination of tensile, fracture Overlaps with item 1.3.1 B-2.%, B~3
hydrogen/wnter caviron- toughness, c¢reep and fatigue prop- Continuation and extension
ments., Tesporature range erties of candidate stainless of current programs,
2 determtined by design, but steels, Ni alloys, Co 2lloys in
spans -423°F to about high.pressure H, and H, + H,0
1500°F., Principal problems envirouments at tomperatures in
at higher temperatures. the range -428°F to 1500°F.
High-pressure, V. high.tem~ Materials and component rig testing. Possible long-term applica=~ B-2.1
erature, high-velocity #H,0 tion to Item 1.4.3.
environment. Thermal shock,
theragl fatigue.
Present iridium catalysts Fundaoental studies to elucidate For small hydrazine decompo- B-2.2
tend to lose activity and mechunism of calalyst and substrate aition contrul and accessory
alumina catalyst support deterforation. engines. No major probloms
material deteriorates after with large hydrazine/oxidizer
long~term intermittent use. engines,
Dovelopment of improved mixed-metal - B-2.2
catalyst.
ks selection. H, environment effects. None at this time. Clean H, fuel superior to c
ing design and High-iL,0, high-temperature fossil fuels for large
gas stroam. systems. Initiation of
materials R, D, and T should
await further engineering
design.
selection, Possible ¥, environment Loiig~term engine tests, and materials No major difficulties in use D-2, D=5
effects. failure analysis. of Hy fuel expected.
ng develop- None, None, - D-2, D-5
8 solection, SH, and H, envi‘onment None. NH, is a poor fuel for 1.C D=3, D=5
effects. engines, especially for
diesels.
ng develop~ None. None. - D-3, D~5
- - - D-4, D=5
- - Existing practice. D=1, D-§

VIix-7
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Table VIII-1 (Continued)

NMATERIALS RESFARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF NEV

o,

A T a4

Ko, §guiggent Class Fuel froblem Ares Type of Solution Materials Problems Materials R, L
3] EXTERYAL COMBUSTION
ENGINES
Steam, recipro- All now Fuel supply system and Design, materials No major problems. None.
cating. fusls. burners, selection.
Btirling cycie All new Fuel supply system and Design; materials No major problems. None,
{heating system). fuels. burners, acloction.
Stirling cycle (H, All new Heater tubes, heat Materials develop- High pressure (5000 psi) H, Determination of
working fluid). fuels. exchanger, operate at ment, selection. environment effects from toughness, creep,
bigh temperatures with subzero temperatures to propertics of can
high internal H, pres- 1500°F on heat-resisting steels, Ni siloys
sures. Working chambers alloys. 5000 psi hydrogen
must contain H, with subzero to 1500°F
minimun loss. High H,
reservo‘r precsures.
Coatings to reduce Detewmination of
hydrogen permeation through for candidate all
working chamber and heat and 1500°F.,
exchanger tubing at high
temperatures. Thermal
shock and thermal fatigue.
Develop coatings
- H, permeation at
with substrate al
stand thermal fat
SPACE AND WATER
HEATING
Open flame combus- H,/air. Fuel supply systeam and Design; materials No major probler . None,
tion. burners. selection.
Catalytic combus- Hy/asr, Catalytic burner to Improved catalyst. Low-cost, long-life, high- Fundamental studi
tion, operate efficiently at activity catalyst system catalytic oxidati
low temperatures for tnat is resistant to transition metal
long timas. poisoning by contaminants. with eampirical de
improved H, oxida
Qpen {lame combus-  NH, Efficient, low-cost NH, Improved catalyst. Low-cost, long-life, high- OJovelopment of .o
tion. (disson- dissociation equipment. activity catalyst system. iatinn catalysts,
iated).
Catalytic combus- NH, Catalytic bumer to Improved catalyst. Low-cost, long-life, high Development of ixm

tion.

operate efficiently at
low temperatures for
long times.

activity oxidation catalyst
that favors N, and H,0
oxidation products.

R
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Table VIII-1 (Coutinued)

BBEARCH DEVELGAENT AND TESTING NEEDED TO SUPPORT THE USE OF NEW FUELS

Report Reference

-0f Solution Materials Problems Materials R, D, and T Neods — Pomarks in Vol. 2, Sect. 1Y
-materials No major problems. None. Careful attexiion to aaterials E-1, E-4
selectic.” Tor H, fuel systems
will be nev.Jed.
No major problems. None, Careful attention to matea:ials F-2, E~4

selection for H, fucl systews
will be needed.

subzero to 1500°F.

High pressure (5000 psi) H, Determination of tensile, fracture

environment effects from toughness, creep, and fatlgue
subzero temperatures to properties of candidate stainless
1500°F on heat-resisting steels, Ni alloys, Co alloys in
alloys, 5000 psi hydrogen at temperature from

Aange of materials operating E-3, &4
conditions covered by Items
1.3.1 and 3.1.1.

activity catalyst systen. iation catalysts,

Coatings to reduce Determination of H, pormeability data - E~2, E-3
hydrogen permeation through for candidate alloys up to 5000 psi
working chamber and heat and 156G0°F,
exchinger tubing at high
temperatures. The.mal
shock and thermal fatigue.

Develop coatings that are resistant to =~ E-2, E-4

- H, permeation at 150C°F, coupatible

with substrate alloy and will with-

stand thermal fatigue.
No major problems. None, - F-1.1, F-6
Low-cost, long-life, high- Fundamental utudies of mechanism of - F-2.1, 7-2.3, F-6
activity catalyst system catalytic oxidation of H,, e.g., by
that is resistant to transition netal carbides, nombined
poisoning by coalanminants. with aapirical development of

improved H, oxidation catalysts.
Llow-cost, long-11fe, high- Development of low-~cost NH, dissoc- Rolates to use oi Nd; in ¥~2.1. F-2.3, F-6

fuel cells. This work

would provbably also relate

to the development of improved
MM, synthesis cataiysts.

activity oxidation catalrst
that favers N, and H,0
oxidation products.,

Low~cost, long-life, high Development of impioved catalyst.

- F-2.2, F-2.3, F~6
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Table V11i-1 (Continueu)

MATERIALS RZSEARCE DEVELOPWENT AND T2STIRG NEEDED 7O SUPFORT THE USE OF NE

Equipment Class Fuel froblem Area Type of Solution Haterials Problems Materials X,
SPACE AND WATER
HEATING (Con't)
Open flame combus- €O, None . - None . None
tion. Methanol.
Catalytic conbus~ €0, Catalytic burcers to Inpraved catalysts, iow-cost, long-lafe, high- Developaent of ba
tion. Nethanol. operate effic:ently at antivity catalyst systems,
low temperaturss for
long times.
FUEL CELLS )
Alkaline electro~ Hy/sir Anode cataiyst, Catalyst dove cpuent. Physical stability of non~  .{onioble anode ca
1yte. (or 0,). nobla anoga catalysts. physical stabilit
Cathode catalyst. Catalyzt devaiopaent, Corrosios of nonnokle Nonnable cuilode
cathade cataiysts. polarization, lox
#nt improved phys
Roble metal catal
activity and stadb
catalyst losdiags
Electrode structure. Xaterial)s dovelopment., Wetting and instability of  Hydrophobic golyn
polyner-bonded eleoctrudes materials Zor »0r
at 150°C and above. 150°C.
Fabrication of gas-diffu- Improved cnntroll
sion elovtrode structures materials for cle
with coatrolled porosity.
Electrolyte matrix. Materjials development. Present asbestcs matrix can- Low-cost matrix =
not operate above 100°C. operate at 150°C,
Inproved ion-¢xch
Atig electrolyte. H,/air Cathode catalyst, Catalyst development. Relatively low activity, Improved noble me
(or O,). high polarization of improved activity
platinum catalyst for O, stability at low
reduction in acid
electrolyte.
Low-cost, nonnobl
with moderate act
stability and cor
Elecirolyte matrix. terials development. Less expunsive, more robust Improved ion-exch
matrix saterisls.
Molten carbonate Hy/aly Anode and cathodc Materials development. Lack of catilyst stabiiity. Anodc and cathode
electrolyte. tor 0,). catalysts, with improved sta

Viii-9
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Tsble VIIl-1 {Continued}

Report Reference

Ko uf Soluticn datarizls Problexms Materials R, D, and T Needs _ Remarks in Vol. 2, Sect. IV
None . None , - F~4, =5, F-6
ad catalysis, Low-cost, long-~life, high- Development of base-metal catalysts, - ¥-4, F-5, F~6

aelivity catalyst systems.

Phystcal stabiiity of non~  Nonnoble anode catalyst with improved Relatively low carrosivity G-3.1.1, G~3.1.6,
noble anode catilysis, physical stability at 150°C and abuve. of alkaline eiect ziyts G-3,9.1

pernits wide cheice of

materials ol conitructtior .

e’ developuent. Corrosion of noansbla Nonnoble cathode catalyst with lower - i=3.1.3, G6~3.1.6,
e cathode catalysts, polarisation, lower corrosion rate G=-3.9.1

EL and improved physical stabjlity.

k- Noble metal catalysts with high - G-3,1.2, G-3.1.6,
L activity and stabilit; at lower G-3.9.1

catalyst loadings.

8 development, Wetting anG instability uf Kydrorhobic polymeric bonding - G-3.1.3, G-3.1.6
polyrer~bunded electrodas mateliales for service at above G-3.9.2
at 156°C and above. 150°C.
: Fabrication of gac~diffu- improved contvoiled-porosity - 6-3.9.2
; sjon elsctiade gliructures Gaturials for eleccrode atructutes.

vith controlied porosity.

b is dovelopuent. Present asbastos matrix can- Lowecost matrix marerialrs able to - G-3.1.4, G-3.1.6

3 not operate wbove 100°C. oparate al 130°C. G-3.9.3

*;; Improved ion-exchange menmbranes. -

development .  Polatively low activity, Improvod noble metul catalyst with Acid clectralyte limits G-3.2.2, G-3.2.6,

‘ high polarizaxicn of imp=oved activity and physical choice of maturials of G~3.9.1

= platinum catalyst for O, stability at low catalyst loadings. construction.

£ redustion in acid

k= electrolyte,
Low-cost, nonncble meotlal catalysts - G-3.2.2, G-3.2.6
with moderato activity, and high 3-3.9.1

Z stability and corrosion resistance.

s development. Lass expensive, more robust Improved ion-exchange membranes. - G-2.2.6, G~3,9,3
aatrix materials,

~EENe)

8 deveiopwent. Lack of ¢a’1lyst stability., Anode and cathode catalysts Molten carbonate cells G-3.3.1, 6-3.3.2,
with tmproved stability. require use of 0, uddition G-3.3.6, G-3.9.1
to cathode reactant (air).

i)
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£
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No.

Equipment Claasr

Fuel

TABLE VIII-1 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF !

Problem Area

Type of Solution

Matertizls Probleas

Materials R,

FUEL CELLS (Con't)

5.3.2

8.3.3

Molten carbonate
{Con't)

Hy/air
(or 0,)

Electrode structure.

Electroiyte matrix.

Materialrs development.

Materials development.,

Need for ceramic structure
analogous to hydrophobic
polyser~bonded systems for
low-temperature cells,

Thamal cracking nf the
ceramic electrolyte matrix
tile.

Ceramics which c
of wetting angle

Ceramic matrix m
controlled porosi
resistance to the

Inorganic solid
electrolyte.,

Hy/air
(or 0,).

High operating tem-
perature.

Katerials development
and dcsign.

Basic materials
research,

uifferential expansion
between cell components,
low conductivity of elec-
trolyte, contact between
matrices and electrodes
nead and gas leakage,

Inorganic solid electroiyte
operating at lower tempera-
tures,

Development of ce
matching expansic
thin, stable, higt
matrix materials.

Study of low-tem;
conducting inorgs

Direct methanol
fuel cells.

Methanol.

Low activity of
methanol electrode.

Cross~-over of
methanol to cathode.

Catalyst development.

Materials development.

Catalyst development.

Anode catalyst.

Methanol dissolved in elec-
trolyte diffuses through
matrix.

Air electrode structure
wetted by cross-over
methanol.

Platinum cathode catalyst
also catalyses direct
oxidation of cross-over
methanol.

Higher activity a

Matrix material (
to methanol.

Electrode structu
can control wetti

Selective cathode
moie oxygen reduc
methanol oxidatio

Indirect methanol
fuei cells.

Reformed
metharol
(H’ * CO,
C0,).

Same as hydrogen fuel
cells.

Hydrazine juel
cells.

Hydrazine.

Chemical dacompasition
of hydraziae at anode.

Cross-over of hydra-
zine to cathode.

Catalyst development.

Moterials development,

Anode catalyst may decompose
hydrazine, oxidize hydrogen
formed, cause NH, evolution.

Hydrazine dissolved in elec~
trolyte diffuses through
matrix.

VIiI-io0

Selective anode ¢
hydrazine oxidati
position, or the

Matrix material (:
to hydrazine.




TABLE V.iI-1 (Continued)

Report Reference

fr Solution Materials Problems Materials R, D and T Needs Remarks in Vol. 2, Sect, IV
“development. Need for ceramic structure Ceramics which can provide control - G~3,3.3, G-3.9.3

s analogous to hydrophobic of wetting angle in molten carbonate.

5? polymer-bunded systems for

= - low-temperature cells,

ks Thermal cracking of the Ceramic matrix materials with - G-3.3.4, 6-3.9.3

s -development.

ceramic electrolyte matrix
tile.

controlled porosity and improved
resistance to thermal cycling.

2

%édevelopment

Differential expansion
between cell components,
low conductivity of elec-
trolyte, contact between
matrices and electrodes
head and gas leakage.

Development of cell materials with
matching expansions, development of
thin, stable,high-conductivity
matyix materials.

Operating range 700° to
1000°C.

G-3.4, G-3.4.4

fterials Inorganic solid electrolyte Study of low-temperature, ion- Breakthrough analogous to G-3.4.3, G-3.4.4
E operating at lower tempera~- conducting inorganic solids, discovery of g-alumina
3 tures, necded.
Anode catalyst. Higher activity anode catalyst. - G-3.5, G-3.5.1
development. Methanol dissolved in elec~ Matrix material (separator) impervious -~ G-3.5, G-3.5.1

f-development.

trolyte diffuses tiirough
matrix.

Air electrode structure
wetted by cross-over
methanol.

Platinum cathode catalyst
also catalyses direct
oxidation of cross-over
methanol.

to methanol.

Electrode structure materials that
can control wetting angle.

Selective cathode catalysts that pro-
rote oxygen reduction but not
methanol oxidation.

- G-3.5, G-3.5.1

- G-3.5, G=3.5.1

Reformed methanol can be used G-3.5
in acidic, molten carbonate
or solid electrolyte fuel cells.

development.

Anode catalyst may decompose
hydrazine, oxidize hydrogen
formed, cause NH; evolution,

Hydrazine dissolved in elec-
trolyte diffuses through
matrix.

ViII-10

Selective anode catalyst that promotes
hydrazine oxidation but not its decom=-
position, or the oxidation of hydrogen.

Matrix material (separator) impervious
to hydrazine.

- G-3.6, G-3.9

Equivalent to Item 8.5.2. G-3.6, G-3.9




Table VIII-1 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF Nk

Type of Solution

Materia[gngyoblems

Materiats R, D,

Catalyst develoupment.

Cathode catalyst catalyses
aecomposition or oxidation
of cross-over hydrazine.

Selertive cathode
motes oxygen reduc
zine decompositien

Catalyst research.

Anode activity decrearses
with time.

Basic studies to d
declire 1in anode a

Catalyst development,

Ele *trode structure
development.,

Decreased catalyst life,

Dual function electrode
structures,

Dual elcctrode structures.

Clectrocatalysts t
to potential cyeli

Electrode structu:
tizet catalysts,

Two electrode stru
appropriate cataly

Design; materials and
fabrication develop-
ment,

Ma..rials selection.

Basic elcctrocatalysis.,

Measurements of sitigle
electrode characters-
istics,

Polymeric materials with
long~term, high-tempera-
ture stability ab e
150°C.

Hy, NH,,hydrazine environ-
ments,

\lechanism of clectro-
catalysis,

Empirical selection of
¢lectrocatalysts,

Polymeric material
testing.

See item headings

Studies of effects
electrolytes, and :
on eluctrocatalyst,
face.

termination of o
materials.

Equipment Class Fuel Problem Area

FUE s CELLS (Concluded)

Hydrazine fuel Hydrazine Hydrazine cross-over.

cells. (Con't)

Direct NH, NH, Anode.

cells.

indirect NH,; fuel NH, Same as hydrogen fael

cells. (dissoci-~ calls.

ated to N,
and H,).

Regeonerative fuel H, /0, Variations of electrode

cells. potential as cell oper-
ation is reversed.

Fuel cells-- Various Polymeric materials for

general. electrical insulators
and seals for service
above 150°C.
Reactant suppliy
systems.,
1.'eory of electro-
catalyst behavior,
Electrocatalyst
screening,

HIGH ENERGFY DENSITY

BATTERIES

Aqueous, electric- Zn Zn elcctrode.

ally rechargeable,

Zn/air, Zn/0,.

Air alectrode; poor

Design and engineering,

basic research.

Catalyst deveinpment,

charge/discharge cycle clectrode design.

efficiency,

Shope change (dundrite
growth) of Zn electruwue,

High catalyst loadings
required.

Studies oy wmechani:
growth.

bual function or tv
catalysts for oxyge
oxygen reduction,

VIII-11




pe of Solution

Table V1Il-l (Continued)

RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE (

Materials Problems

NEW FUELS

Materials R, D, and T Needs

Remarks

Report Reference

in Vol. 2, Sect. I

Cathude catalyst catalyses
decomposition or oxidation
of c¢ross-over hydrazine.

Selective cat! vde catalysts that pro-
motes oxygen reduction but not hydra-
zine decomposition or oxidation.

Anode activity decreases
with time,.

Basic studies to determine cause of
decline in anode activity.

Can be used &n all H, fuel
cell types including
alkaline,

alyst development,

! trode structure
Qlopmcnt.

Decreased catalyst life.

Dual function electrode
structures,

Dual electrode structures,

Electrocatalysts that are insensitave
to potential cyuling.

Electrode structures with two dis-
tinct catalysts.

Two clectrode structures each with
appropriate catalys.s,

G-3.6, G-3.9
B-3.7
6-3.7
G-3.8, G-3.9

G-3.8, G-3.9

G-3.8, G-3.9

ign; materials and
brication develop-

i rials selection.

Bic electrocatalysis.

psurcnents of single
Bctrode character-
Bics.

Polymeric materials with
long~term, high-tempera-
ture stability above
150°C.

H,, NH,,hydrazine environ-
ments,

Mechanism of clectro-
catalysis.

Empirical selection of
electrocatalysts.

Polymeric materials development and

testing.

See item headings 1 through 7.

Studies of effects of reactants,
electrolytes, and applied potential
on electrocatalyst/electrolyte inter-
face.

Determination of data for candidate
materials.

Will probably be satisfied
by improved commercial
products.

Requirements common to other
uses of new fuels,

G-3.9.4

G-3.9.4

G-3.9.4

G-3.9.4

:}gn and engincering;
Bic rescarch.

lyst development,
trode design.

Shape change (dendrite
growth) of Zn clectrode.

iigh catalyst loadings
required.

Studies of mechanism of dendrite
growth.

Dual function or two separate
catalysts for oxygen evolution and
oxygen reduction,

Future of this battery
depends on solving Zn
clectrode problem.

#-3.1.1, H-3.1.3

H-3.1.3
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Table VIII-1 (Continved)

MATERIALS RESEARCH LEVELOPMENT AND TESTING NFEDED TO SUPPOR?T THE USE OF

Equipment Class Fuel Problem Area Type of Solution Matorials Problom daterials R,
2. HIGH ENERGY DENSITY
BATTERIES {(Contirued)
9.2.1 Aqueous, meochsnic- Zn Elentrolyte leakage. Improved design, seal Seal materials. Support to engll
ally rechargeable, materials.
Zn/air.
f 9.3.1 Aqueous, Zn/Ni. Zn Zn electrode. See Item 9.1.1, See Item 9.1.1. See ltem 9.1.1.
-~ 98.4.1 Aqueous Zn/Cl,. Zn Zn electrode. See Item 9.1.1. See Item 9.1.1. See Item 9.1.1.
9.4.2 Cl, electrode. Materials development. Polarization of Cl, clec~ More active Ci,
trode.
9.5.1 Aqueous Li/Ni, Lt Li electrode; shelf Materials development, Li corrosion reacticn in Alloying of Lt .
life. corrosion research. the absence »f external to linmit Li cor
curcent flow,
9.5.2 H, evolved, must be Materials selection. H#, environment effects. None.
vented.
ﬁ 9.6.1 Aprotic solveat i Li Li electrode; low Electrochemical Elcctrode/2lectrolyte Support to alec
A? batteries. power density, shelf studies, battery interactions. studies.
= life, slow start-up design.
due to electronic
passivation.
9.7.1 Molten salt, Li Li electrode. Electrode material Dissolution and migration Development of
high temperatire, development, of lithium. maximum cell vo
Li/Cl, battery.
9,7.2 Cl, electrode; low Electrode and elec- Elcctrode and electrolyte Support for ele
current capacity. trolyte development. materials., development stu
9.7.3 Materials of construc- Materials development  Attack of materizls by Ceramics and co
tion. and sciection. molten Li. molten Li.
9.7.4 Corrosion by molten alkali~ Allays and coat
helide electrolyte. molten halides.
9.7.5 Electrical feed-throughs, Containment mat
brazing alloys
coefficients.
9.7.6 Containment of high tem- Alloys and coat
perature Cl, gas, Cl, gas.
9.8.1 Li/S molten salt, Li Sulfur electrode. Materials developuent Attack of sulfur on Materials compe

battery.

and selection,

maserials of construction,

clectrode mater

i
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g of Solution

Table ¥i1i~-1 (Continued)

Materials Problem

RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF NEW FUELS

Materials R, D, and T Neads

Rema ks

Report Reference
in Yol, 2, Sect. |

roved design, seal
Porials.

Scal materiails,

Support to engineering development.

H-3.1.1

See Item 9.1.1,

See Item 9.1.1.

Electrically rechargeable.

H-3.1.4

See Item 8.1.1.

Polarization of Ci, elec~
trode.

Sce Item 9.1.1.

sllore active Cl, electrude substrate.

Elzctrically rechargeable

Would improve power density.

H-~3.1.5
n-3.1.5

rials development,
psion research.

i, als selection.

Li corrosion reaction in
the absence of external
current flow,

H, environment cffects.

Alloying of Li or use of ruhibitors
to limit Li corrosion.

None.

Primary or mechanicaily
rechargeable battery.

H-3.1.6

H-3.1.6

Btrochemical
Jies, battery

Llectrode/clectrolyte
interactions.

Support to clectrochemical and design
studies.

No H, ovolved. Can be

sealed for use as primary
battery.

H-3.1

o

frode material
Bopment .

Brode and clec-
¢ developuent.

ks
jrials development
fbelection.

-4
R

o

«-
iz

Dissolution ana migration
of lithiunm,

Electrode and electrolyte
materials,

Attack of materials by
molten Li.

Corrosion by moltan alkali-
halide clectrolyte.

Electrical feed-throughs,

Containment of high tem-
perature Cl, gas.

Devolopment of solid Li alloys giving
maximum cell voltagae.

Support for clectrode and clectroliyte
developnent studies.

Ceramics and coatings resistant to
molten Li.

Alloys and coatings resistant to
molten halides.

Containment materials, insulators and
brazing alloys with matching expansion
coefficients.

Alloys and coatings resistant to hot
Cl, gas.

Operates from 350° to §50°C
depending on electrolyte
composition,

#-3.3.1

H-3.3.1

H-3.3.1

H-3.3.1

H-3.3.1

H-3.3.1

My el

als dovelopment
eloction,

f

Attack of sulfur on
materiazls of construction,

Materials coampatibility testing or
ciectrode materials modification,

Oporates at 275° to 400°C.

H-3.3.1

it S A DS SRR
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Table Vi1I-1 (Concluded)

MATERJALS RESEARCH DEVELOPYZNT AND TESTING NEEDFD TO SUPPGRT THE USE OF

Item
No. Equipment Class . Fuel Prublem Aroa Type of Solution \ateriale Problem Mcteriazls R,
9. HIGH ENERGY DENSITY
BATTERIES (Concluded)
9.9.1 ¥olten salt, Al Materials of tonstruc- Nsterials selection. Rone. None.
low.temperature tion.
A1/Cl, battery.
9.10.1 Solid electroiyte Na 3-alunina electrolyte, Materials research; Improved Na-ion conduc- Modification and
Na’S battery. ceramic processing tivity, resistancs to alumire composit
fevelopment, intergranular attack,
to thermal cracking and
mechanjcal strength.
9.10.2 Investigation of
conductors,
9.11.1 General. Various, Materials of construc- Battery design aad Materials compatibility Supporting mater
tion. development , materials with electrodes and elec~- devolopment stud
development and selew- trolytes; seals, feed- batterv R, J, an
tion. throughs, insulators, etc,
9.11.2 Solid electrolytes. Materials research and Improved solid electrolytes Search for new 1
development. and cation/anion erchange ducting solids.
nembranes.

2z
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¥aterials Prohem

Tabie VIii~1 (Concluded)

‘H DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF NEW FUELS

Materials R, D, and T Nceds

Remarks

Report Reference
in Ynl. 2, Sect, IV

lection. Nona, Nowe. Operates at 60° 1o 150°C. H-3.3.2
search; Ieproved Na-ion conduc— Nodification and optimization «f g~ Operates at about 300°C. H-3.4
ssing tivity, rezisiance to a2lumina compogition,
intergranuliar attack,
to thermal cracking and
swechianical strength,
Investigation »f alternative Na~-ion - H-3.4
zonductors,
ign and Ma-erials compatibility Supporting matorials engineering und - H-3.1
A materials wit: electrodes and elec-~ cevolopment studies as part of
.{t and aelec- tro vier; seals, feed- pattery R, D, 2nd T programs.
F tr oughs, insulators, etc.
ioproved solif electrolytes Search for new low-temperature ion-con- - H-3.5

nembrances,

and cation’anion exchange

ducting solids.
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Table VIiI-2

MATERIALS RESEARCH DEZVELOPWENT AND TESTING NEEDED TO SUPPORT THE PRODUCT

Iten Fuel
3 No. Process Produced Problem Area Type of Solution Materials Problem Matericl
:
?} 1. CONVENTIONAL
%‘ 11.1 Unipolar tank type. H,(0,) Efficiency -nd cost. Advanced electrolyzers. No major problems, None.
= 1.2.1 Bipolar, filter H,(0,) Efficiency and cost. Advanced electrolyzers. No major problems. None.
press type.
ADVANCED
ELECTROULYZERS
Alkaline H, (0,) Higher temperature Haterials development., Corrosion of positive Materials wit
elactrolyte, operation to increase (oxygen) electrode. superior to n
efficiency.
Present diaphragm material Higher temper
(asbestos) limited to 100°C (200°C desira
Present frame materials Higher temper
(polysulphones) limited to materials, an
150°C,
Reduction of over- Materials development  Relatively low conductivity High-conducts
potentials, and design. and bulky diaphragm higher temper
materials. diaphragm (ma
Effective area of elec~- High effectiv
trodes. materials,
Catalyst development. Electrode activity. Improved noann
catalysts.
Solid polymer H,(0;) SPE nmembrane. Materials research and Present SPE membrane is Development o
electrolyte. development, expensive, temperature perature SPE
limited {125°C) and some- {anion or cat
what lacking in mechanical improved mech
and chemical stability. bility.
Electrodes. Catalyst development. #dAigh loadings of noble metal Nonnoble meta
catalysts,
Engineering and Electrode/membrane contact Support for e
materials development. resistance.
Incrganic solid #,(0,) Very high operating Materials R and D. Solid inorganic electrolyte Basic studies

electrolyte.

temperature (1000°C).

Materials and engi-
neering development.

Materials and engi~
neering development.

menbranes with good jonic
conductivity below 400°C.

Materials of construction,

erties of cer

Materials wor
neering devel
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Table VIlt-2

of Solution Materials Problem

SBEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE PRODUCTION OF NEW FUELS

Materials R, D, and T Needs

Remarks

Report References
in Vol, 2, Sect. V

#

b

ced electrolyzers. No major problems, None. Established technology. A-2.1.1
';od electrolyzers, No major problems, None, Established technology. A-2.1.2
1ls development. Corrosion of positive Materials with corrosion resistance Nickel is now used. H=2.2.1, A4
(oxygen) electrode. superior to nickel.
Present diaphragm material Higher temperature diaphragm materials - A=2.2.1, A-4
(asbestos) limited to 100°C (200°C desirable).
Present {rame materials Higher temperature, low-cost frame - A=2.2.1, A~4
(polysulphones) limited to materials, and methods of fabrication.
150°C.
55115 development  Relatively low conductivity High-conductivity, compact, (and Less bulky diaphragm would A=-2.2.1, A-4
;tlgn. and bulky diaphragm higher temperatures - Item 2.1.2) pernit closer electrode
/é materials. diaphragm (matrix) materials. spacing and less voltage drop
= 1in the electrolyte.
i Effective area of elec~- High effective surface area electrode - A~2.2.1, A-4
z trodes, materials.
t st development. Electrode activity. Improved nonnoble, low-cost electro- Ni and Fe clcectrode materials A=2.2.1, -4
= catalysts. now used are moderately
3 effective.
ials research and Present SPE mombrane is Development of low-cost, higher tem- - A-2.2.2, A-4
jopment . expensive, temperature perature SPE membranes with high ionic
= limited (125°C) and some- (anion or cation) conductivity and
whit lacking in mechanical improved mechanical and chemical sta-
and chenical stability. bility.
t}lt development. High loadings of noble metal Nonnoble metal catalysts. Noble metul caralysts A-2.2.2, A-4
E catalysts. probably acceptable for Dob
= uses, but probably not for
= large-scale industrial use.
:' ring and Electrode/membrane contact Support for engineering development. - A-2,2.2, A4
#isls development. resistance,
i als ¥ and D. Solid inorganic electrolyte Basic studies of jon-conducting prop- High-temperature electro- A-2,2.3, A-4
membranes with good fonic erties of ceramics. lyzers have limited actual
conductivity below 400°C. thermal efficiencies.
als and engi- Materials of construction, Materials work in support of engi- Problems similar to those ot A-2.2.3

development.

neering development,

high-temperature fuel cells
(Item 8.4.1 in Table VilI-1).

Lo hanis

E=
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Table VIII-2 (Continued)

NATERIALS RESEARCH DEVE'OPMENT AXD TESTING NEEDED TO SUPPORT THE PROD

Item Fuel

No. Process Produced Problem Area Type of Solution Materials Problem Mater

2. ADVANCED ELECTROLYZERS

(Concluded)

2.4.1 Acid electrolyte. H, (0,) Oxygen electrude. Materials 3election. Corrosion of oxygen clec- \Materials sel
trode materials and associ- operational
ated conductors.

2.5.1 General. H, (0;) Materials resources Technoeconomic analysis ~ None.

availability. of macterials supply
needs for competing
electrolyzer tech-
nologies.

2.5.2 Materials of construc- Materials selection. H, environment and O, Haterials te:
tion, auxilliary equip~ cpvironment effects. electrolyzer
ment. of temperatu:

3. THERMOCHEMICAL

SPLITTING
3.1.1 Several multistep H, (0.) Materials of construc- Materials development  High-temperatur¢ corrosion Materials anc
cycles (all are now tion. and selection; engi- of metallic and ceramic possibie neec
at a conceptual neering design and materials in halogens, materials an
stage) . development. halides, metal oxides,
Iiquid metal, hydrogen,
oxygen, steam.
4. HYDROGEY LIQUE-
FACT 10N
4.1.1 Compression lique- Liquid H, Compressor development. Engineering design and Materials for use as H, -resistant,
faction of H, gas. development; materials cylinder liners, pistons, weight mate:d
develor nt and selec~ piston rings, seals,
tion. bearings, turbine blading
in advanced compressors
at ambient and cryogenic
temperatures in I,
environment.

4,1.2 Low friction

binations fci

4.1.3 Seal materizl

low-expansior
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Table VIII-2 (Continued)

Materials R, D, and T Needs

g

R Ty
N SEETE

Remnrks

Corrosion of oxygen elec-
trode materials and associ-
ated conductors.

Materials selection and small-~scale
operationa® testing.

Acid electrolytes reject CO,
and are of interest for use
in life support systems.

" analysis

upply

H, environment and O,
environment effects.

None.

Yaterials testing under
electrolyzer operating conditions
of tempervature and pressure.

Essential background for
policy decis ‘ous.

Information required will be
provided by work relating

to Section IV of this report.

(Se2 Table VIili-1.)

High-teaperature corrosion
of metallic and ceramic
aaterials in halogens,
halides, metzl oxides,
liquid metal, hydrogen,
oxygen, steam.

Materials and component testing;
possible need for corrosion-resistaax
aaterials and coatings development.

Specific programs can be
planned when further

fensibility studies have been

mzd2 1nd protolype process
cye:gs hlave been selected.

Materials for use as
cylinder liners, pistons,
piaton rings, seals,
bearings, turbine blading
in advanced compressors
st amblient and cryogenic
temperatures in H,
environment,

H, -resistant, high-strength light-
weight materials.

Low friction and wear materials com-
binations for service in H,.

Seal materials, bearing materioals,
low-expansion 1lioys.

Materials support for engi-
neering d¢y - opuent,

VIII-15
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Table VIiII-2 (Continued)

MATZRIALS RESEARCH DEVELOFI{SNT AND TESTING NZZDED TO SUPPORT THE .

Item Fuel

No. Process P Preduced Froblem Area Type of Solution Materials Problem Na

S, AMMONIA PRODUCT ION

5.1.1 Moditied Haber NH, Pressure vessels. Materials selection Effects of long time expo- Probably

Process, and design. sure of pressure vessel
materials to high pressure
H,, Ny, NH; at moderate
temperatures.

5.1.2 Improved on-site and in- Probably

service nondestructive
testing techniques.

5.1.3 Alternstive designs saterials for very large Devel opm
and materials, e.g. pressure vessels, reinforc
metual lined, pre- material:
stressed or fiber
reinforced cements
or concrete vessels.

5.1.4 Ancillary equipment, Materials selection. H, environment effects. Material

compressors. high pre

5.1.8 N, condensation and Materials research; Stress corrogsion cracking Material:

storage. materials selection. of quenched and tempered mechanist
steels in liquid ammonisa, of SCC i1

testing
material:

6. HYDRAZINE

PRODUCT ION -

6.1.1 Modified Raschig Hydrazine Possible problems in Materials selection; - None at

process. scalad-un proouction. angineering.

7. PRODUCTION OF

BORANES AND
SILANES _
7.1.1  Varipus sxell- Boranss and Poceible problems in Materials selection; - None at !

scals methods.

silanss

scaled-up production.

engineering.
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Table VIII-2 (Continued)

Material. Problem

CH DEVELOFMESNT AND TESTING NEZDED TO SUPPORT THE PRODUCTION OF NEW FUZLS

Materials R, D, and T Needs

Report Reference
in Vol. 2, Sect. V

Remarks

vessels.

lection.

AT bk

Effects of long time expo-
sure of pressure vessel
materials to high pressure
H;, N;, NHy; at moderate
temperatures.

Improved on~site and in-
service nondestructive
testing techniques.

Materials for very large
pressure vessels.,

#, environment effects.

Stress corrosjion cracking
of quenched and tempered
steels in liquid ammonia.

Probably no special programs required.

Probably no special programs required.

Developuent and testing of fiber-
reinforced cement and concrete
materials and structures.

Materials and component testing in
high pressure H,.

Matarials research to establish
mechanism and limiting conditions
of SCC in liquid ammonia and
testing of candiate SCC-resistant
materials,

Necessary test data will be b-1.1.1
collected from related
industrial experience and

test programs.

Appropriate NDT and £ D~1.1.1
techniques will be developed

for nuclear power plants,

Likely to be of broad general D-1.1.1

application.

Would profit from advanced D-1.1.2
compressor development,

Items 4.1.1, 4.1.2, 4.1.3,

See Volume 1, Section 1li-D-1l, D-1.1.2
same as Item 1,5.1 in Table
VIiI-1.

e

g2lection; - None at this time, Reexamine if large-scale D-2
. production becomes likely,
p:¢nlociion; - None at this time. Reexamine if large-scale D-2

production becomes likely.
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Table VIII-2 (Concluded)

MATZRIALS RESSARCH TEVELOPMENT AND TESTING 4EEDED TO SUPPORT THE PRO

Item Fuel
No. Process Produced Problem Area Type of Solution Materials Probiem Mate
8. PARTIALLY
OXYGENATED FUELS
8.1.1 H, production. H, inter- See Items 1, 2, and 3, See Items !, 2, and 3. See Items 1, 2, and 3, See Items 1
mediate
8.2.1 €0, production €O, inter- Advances in compressor Engineering design and None. None.
from the air. mediate and CO, adsorption development. Process
methods., development.
8.2.2 CO, production frem CO, inter- Mining and materials Engineering and Low~cost materials with Probably nor
limestone, mediate handling (nuclear materials development. high abrasion resistance.
reactor problems
excluded).
8.3.1 Co pvoduction. co No existing production Process development; Effective, long-life Catalyst dey
process, catalyst “selection. catalyst.
8.4.1 Methanol production. Methanol None, - - None.
8.5.1 Methanol production Methanol Conceptual process, Process development; Electrocatalyst research Development

(electrolytic).

catalyst development.

and development.

methanol ele
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Table VI.I-2 (Concludad)

A

EVELOPMENT AND TESTING WESDED TO SUPPORT IHE PRODUCTION OF N4AW FUSLY

(3}

Report Refsrence

Muterials Problem Materials R, D, and T Needs Remarks in Vol. 2 Sect. V
£
Eg_, and 3. See Items 1, 2, and 3. See Items 1, 2, &and 3. H, required for production E, A, B,
%‘_ uf CO and methanol.
B
E_

2

sono. CO, required for preduction E-1

esign and None.
of €0, nnd methaonol.

'ocess

T

T
jkalit

o

! Low-cost materials with Probably none required. Calcination using nucleay B-2

elopment. high abrasjon resistance. heat. Improvod, low-cost
abrasicn-resistant

T

e

5:

g materiale provided by

g industry Jevelopauent, -
F_l;i;g;m‘.ent; Rffective, long-life Catalyst development. Reversed shift reaction. E-3

gétion. catalyst,

= -
= .

= - Ncne, Existing technology E-4.%

lopment ; Electrocatalyst research Develupment of electrocatalysts for Mat -ials of construction E-4.2

gg.opﬁant. and development, methanol electrode. of plant similar to ltem 2,1.

i::l_— —
=5

&

E;.:T
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TABLE VHI-3
MATERIALS RESEARCH DEVELOPMENT AND TESTING
NEEDED TO SUPPORT THE TRANSPORTATION OF NEW FUELS




Table VIII-3

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE TRANSPORT.

Item Mode of
No. Transportation Fuel Problem Area Type of Solution Materials Problem Mater
1. EXISTING PIPELINES
1.1.1 H, pipelines. H, gas, Acceptability of exist- Materials testing. H, environment effects over Long~tern
ing pipelines for H, long times on mechanacal line mater
transmission and dis- properties of material and hydrogen a
tribution. welds of existing pipetines. minor quan
and illumi
from -60°
unnotched
toughness,
static loa
1.1.2 Full-scale pipe i, environment effects over Full-scale
testing. long times on service and used p
behavior of existing pipe- taminated
lines. tures and
tuating) c¢
service an
1.1.3 Basic research. Role of surfaces in adsorp- Study of ¢
tion and dissociation of i,. sulfide, a
on mechani
1.2.1 NH, pipelines, NH, liquid, Acceptability of Materials testing. Stress corrosion cracking Long~-term
existing pipelines for of steels in liquid NH,. new and us
transmission and dis- in NH, as
tribution of NH,- structure
stress, no
and NH, pr
1.2.2 Full~scale pipe Stress corrosion cracking Full-scale
testing. cf steels in liquid NH,. pipelines
NH, envirce
pressures
service an
1,2.3 Basic research, Stress corrosion cracking Stwlies to
of steels in liquid NH,. problem of
liquid NH,
1.3.1 CO pipelines, <O Acceplability of Materials testing. Possible environmental Long-tern
existing pipelines for effects of CO at high line steel
ransnission and dis- pressures for long times deteriorat
tribution of CO. on pipeline materials. properties
contaminat
1.4.1 MNenthanol pipelines. Methanol. None. - None. None.
2, NEW PIPELINES
2,1.1 H, pipelines, H, gas, Acceptability of new Materials testing and H, environment effcects over Long-term
metallic pipeline selection. long times on higher line steel
materials and instal- strength pipeline steels. H, contami
lations for H; service. of 0y, Hy(
Test data
160°F on 1
strength,
fatlure w
fatigue.
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Table VIII-3

Report Reference
Materials Problem Materials R, D, and T Needs Remarks Vol. 2, Sect. VI

H, environment effects over Long-term testing of aew and used pipe- This data, together with that A-4, A-6

long times on mechanical line materials and welds .n pure from Item 1.1.2 will permit

properties of material and hydrogen and hydrogen contaminated with drafting of specifications

welds of existing pipelines. minor quantities of 0,, H,0,odorants covering safe operation of
and illuminants. Test data required existing pipelines with H,
from -60° to + 160°F on notched and gas.

unnotched tensile strength, fracture
toughness, delayed failure under
static load and low cycle fatigue.

H, environment effects over Full-scale testing of sections of new - A~4, A-~6
long times on service and used pipelines in pure and con-

behavior of existing pipe- taminated M, environments at tempera-

liaes. tures and pressures {(steady and fluc-

tuating) corresponding 1o most severe
service and line test conditions.

Role of surfaces in adsorp~ Study of effects of surface oxide, - A~4, A-6
tion and dissociation of H,. sulfide, and other contaminant films
on mechanisms of H, entry into metals.

Stress corrosion cracking Long~term delayed failure tests of Problem espezially relevant D-1.1
of steels in liquid NH,. new and used pipeline steels and welds to higher strength pipeiines.
in NH; as a functinn of contaminants, Data produced 2lsu relevant
structure and yield strength of steel, to Items 2.3.1, 4.2.1 and
stress, notches, flaws, temperature 4.,2.2
and NH, pressure.

Stress corrosion cracking Fuil-scale testing of new and used - D-1.1
of steels in liquid NH,. pipelines in pure and contaminated

NH, environments at temperatures and

pressures corresponding to most severe

service and line-test conditions.

Stress corrosion cracking Studies to define the limits of the - D-1.1
of steels in liquid NH,. problem of the SCC of steels in

liquid NH,.
Possible environmental Long-term tests of rew and used prpe- - E~i
effects of CO at high line sterls to establish if any
pressures for long times deterjoration of their mechanical
on pipeline materials, properties can occur in pure or

contanminated CO zt high pressures.

None. None. - E-2

H, environment effccts over Long-term testing of candidate pipe- Extension of programs under A-5.1, A=5.3,
long times on higher line steels and welds in pure W, and Items 1.1.1 to highker strength A-6

strength pipeline steels. H, contaminated with minor quantities candidate pipelinc steels.

of 0,, H;0, odorants and illuminants.
Test data required from -60°F to -
160°F on notched and unnotched tensile
strength, fracture toughness, delayved
fajilure under static load and low cycle
fatigue.
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Table V11I-3 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE TRANGP

«

Item Mode of

No. Transportation Fuel Problem Area Type of Solution Materials Problem Mate

2. NEW PIPELINES (Cont.)

2.1.2 H, pipelines. H, gas. Protection of pipeline labrication develop- Yabrication and assembly of leasibila

{Cont inued) materials from H, envi- ment. vented-lining type pipe. Lining ty
ronments, assembly.,

2.1.3 Materials development, Development and application Determine

fabrication develop- of coatings with low H, steels co
ment . permeability. atc., Inv
mechanica
after exy

2.1.4 Nonmetallic pipeline Materials selelction Long~term mechanical Investiga

materials. behavior of plastics and pofymers
composites in high pressure ments aift
H,, H,0, and saline envir- pressure
onments, ments,

2.1.5 Fabrication develop- Costly, slos fabrication, bovelop

ment. laterials selection. methods,

2.2.1 Cryogenic M, pipe~ K, liquid, Piping systoms for Design and materials Matcrials selection. Aaterials

lines. cryogenic tyansmis~ engineceriag. neering 4
sjon service.

2.2.2 The "Energy Pipe.” gEngineering and system Materials availability and  Supportin

deszgn. cconomics. oi techni

2.2.3 uMaterials research ami Improved superconducting Not speci

development., alloys and composites.

2.3.1 NH, pipelines. NH, liquid. Acceptability of new Materials research and Stress corrosion cracking Long-ternm
metallic pipeline testing. ¢f steels in liquid NH;. candidate
materials for trans- welds, as
aission and distri-
bution of NH,.

2.4.1 0, pipelines. By-product  Safe, large-scale, Materials qualifica- Long-term compatibility of ieteraina

0, gas. economic pipeline tion low-cost materials of con- pipeline
transmission and dis- struction with O, at high pipe cont
tribution of O,. pressures.

2.4.2, Materials research. Lack of fundamental Studies o
knowledge concerning effects sure of m
of long-term exposure to and conta
high pressure 02 on mechan- amechanica
ical behavior of metals. dition.

2.4.3 Engineering and system - Supportin

design; hazard analysis, aspects o
cconomic analysis econonic

2.5.1 Cryogenic O, By-product Safe distribution of Marerials sclection Compatibility of metals and XNone.

pipelines. 0, liquid. liquid O, by pipelinc. polymers with liquid U,.
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AUt vrials Problem

Table VIII-3 (Continued)

Matertials R, . and T Needs

Remarks

Report Reference
Vol. 2, Sect. VI

=

Eplopment.
gevelop-

x
2
=
‘e
=
=
&=
=

lction

Fabrication and assembly of
yvented=lining typg pipe.

Development and applicacion
of coatings with low I,
permeabilaty.,

Long-term mechanical
behavior of plastics and
composites in high pressure
H,. K0, ana saline envir-
onments.,

Feasibility study of low-cost vented-
lining type pipe and mothods of
assambly,

Determine rate of entry of Hy, into
steels coated with Cd, Pb, Sn, glasses,
ete.  Investigate deterioration of
mechanical properties of coated samples
after exposure to H,.

Investigate mechanical properties of
polymers and glass fiber reinforce-
ments agter long term exposure to high
pressure i, , #,0, and saline environ-
ments.

Exploratory study only.

H, as internal pipe environ-

ment; H,0, saline as external

pipeline environment.

A-5.1, A-5.3, A-6

A-5.1, A-5.3, A~F

A=5.2, A-5.3,

Costly, slow fabrication, Develop low-cost, rapid fabrication - A-5,2
Materials selection. methods,
Materials selection. Materials testing to support engi- Short-distance pipelines only. B-1
neering development ., Some scale-up of state-of-the-
art technology.
Materials availability and Supporting studies of materials aspects Concept development 4ill B-5, B-6
economics. of technical and c¢conomic feasibility, reguire cooreration between
groups concerned with hydrogen
fuel and groups concerned with
electric power distribution.
Inproved superconducting Not specifically identified. - B-5
alloys and composites.
Stress corrosion cracking Long-term delayed failure tests of Sece Item 1.2.1 Data also D-1.1
of steels in liquid NH;. candidate new pipeline steels and relevant to Items 4.2.1 and
welds, as for Item 1.2.1. 4.2.2.
Long-term compatibilily of Determination of ignitior hazards for Large-scale O, pipeline F.
low-cost materials of con-  pipeline steels in actual or simulated system might be important
struction with O, at high pipe configurations, aspect of overall hydrogen
pressurcs. econony .
Lack of fundamental Studies of effects of long-term expo- = F.
knowledge concerning cffects sure of metals to higa-pressare, pure
of long=-tera exposure to ant contaminated 0, on their
high pressure 0: on mechan- mechanjical behavior and surface con=-
1cal behavior of metals, dition.
system - Supporting studies of matertials - K.
analysis, aspeets of enganeering, hazard, and
economic evaluations.
Compatibility oi metals and None. State-of-the-art technology. F.

polymers with liquid O,.

Only short distance pipelines

likely.
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MATERIALS RESEARCH DEVELOPMENT AND

Table V1I1-3 (Concluded)

TESTING NEEDED TO SUPPORT THE TRANSPOR

% Item Mode of
%» No. Transportation Fuel Problem Area Type of Solution Materials Problen Mate
2
g 3. PRESSURE VESSELS
§ 3.1.1 High pressure H, H, gas. Higher operating pres- Establishment of safe Effects of H, environment: Determine
vessels, sures. operating practices. on candidate pressure and low-c:
Limitation of permis- vassel materials. candidate
-ible H, pressures, taminated
pressure.

4. SURFACE AND AIR
TRANSPORTAT ION

4.1.1 Barge, railroad car, H, liquid. H, losses; cost. Bugineering design and Improved insulation. None,
tank truck. development. Materials

development.

4.2.1 Various surface. NH; liquid, Tank materials. Matericls research; Stress-~corrosion cracking Materials
materials selection. of quenched nd tempered mechanjsm

steels in ljquid NH,.

4.2.2 Testing o!

materials

4.3.1 vVarious surface. Hydrazine. Tank materials. Materials selection. Corrosion of container None,

materials,
3 4.3.2 Catalytic decomposition None.
= of N,H, by container
e materials.
4.4.1 Various surface, Methanol, None, None, None.
4.5.1 Ocean tanker, H, liquid, Tanker design (liquid Engineering design. None . None,
H, tanks not coasidered
a problem avea).

4.6.1 Air tanker, H, liquid. Aircraft design opti- Engineering destgn. - None,

mization,

4.6.2 L quid H, tanks. Materials selection Righ strength, high stiff- Determine
and design optimiza- ness, light weight, low properties
tion. thermal conductivity and for candic

low thermal expansion at -423°F,
materials desirable,

4.7.% Transfer and H, liquid. Heat leaks due to Engineering design; Low thermal flux tubang. Materials
delivery systems penetration of tank materials develop- support fc
for use with sur- walls by transfer ment, programs.
face and air vent lines.
tankers.

4,8.1 Transrortation of H, gas, Containment vessecls, Materials selection. H, environment effects on None.

hydrogen as metal
hydrides

contajner materials.
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Table VIII-3 (Concluded)

Materials Problem

AND TESTING NEEDED TO SUPPORT THE TRANSPORTATION OF NEW FUELS

Remarks

Materials R, D, and T Needs

Report Reference
Vol. 2, Sect. VI

Effects of H, environments Determine threshold stress intensities For small quantity distribu- A-3, A-6
on candidate pressure and low-cycle fatigue properties of tion only.
vessel saterials, candidate materials in pure and con-
taminated H, gas as a function of gas
pressure.,
jeign ond Improved insulation. None, Iaprovements likely to be B~-2
pterixls provided by industry
= developments.
h; Stross-corrosion cracking Materials research to establish See Vol. 1, Section §II-D.1 D-1.2
of quenched and tempered mechanism and limiting conditions. Overlaps Items 1.2.1
steels in liquid NH,.
Testing of candidate SCC resistant Overlaps Items 1.2.1 and
materials and welds. 2.3.1
ftion. Corrosion of container None, Existing technology. D-2
materials.
Catalytic decomposition None. Existing technology. D-2
of N;H, by container
materials.
None, None. Standard practice. E-2
None . None, Low density cargo. Liquid H, B-2
tanks similar to LNG tanks.
- None, Lo density cargo.
High strength, high stiff- Determine physical and mechanical - B-3
ness, light weight, low propertics as needed for design
thermal conductivity and for candidate composite materials
low thermal expansion at ~423°F,
materials desirable.
Low thermal flux tubing. Materials develupment and testing - B-4
support for engincering design
programs.
H, environment effects on None . Not attractive for H, C

container materials.

transportation on a
large scale,
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TABLE Vill-4
MATERIALS RESEARCH DEVELOPMENT AND TESTING
NEEDED TO SUPPORT THE STORAGE OF NEW FUELS
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Table VIII-4

KATZRIALS LESZARCHE LZVELOPMENT AND TESTING NEZDZD TO SU220RT THE !

cement vessels,

Item

No. Type of Storage Fuel Problem Area Type of Solution Materials Problem

1. NATURAL FCRMATIONS
(Natural or modified)

1.1.1 Depleted oil or gas H,, CO Porosity of formation. Grouting. None. None.
reservoirs, aqui~ gases, and
fers, natural or NHy .
mined caverns,

1.2, Underwater storage. H,, CO Design and construc~ Engineering design; Materials employed must None

gases. tion. materials selection. be resistant to aqueous {or
salt water) corrosion and
effects of H, (or CO)
environments.

2. MAN-MADE BULK
STORAGE SYSTEMS
(GASES)

2.1.1 Pipelines, capped H, gas. Acceptability of low Materials testing and H, environment effects over Long-
pipe, welded steel and medium strength selection, long times on low and and w
vessels for moder- steels for H, stor- medium strength steels. from
ate pressures age. requi
(< 2000 psi). tnnot

tough
stati

2.1.2 Protection of materjals Fabrication develop- Fabrication and assembly of Devel

of construction rrom H, ment. vented-lining type vessels. and a
environments.

2.1.3 Materials development, Development and application Deten
fabrication develop- of coatings with low H, steel:
ment, permeability. etc.

mech
after

2.2.1 Welded alloy vessel H, gas. Acceptability of high- Materials testing and H, environment effects over Deten
for high pressures strength alloys for selection, long times on high-strength on me«
{> 2000 psi). H, storage. alloys. high-:

2.3.1 Filament-wound H, gas. Acceptability of high- Materials testing, Long-term mechanical Deten
fiber~-reinforced strength FRP vessels tehavior of FRP in high- to hij
plastic vessels. foi H, storage. pressure H,. prope:

2.3.2 Fabrication develop- Present fabrication methods Develc
ment , are expensive, slow, and scale

size~limited.

2.4.1 Lined, fiber-rein~ H, gas, Design and construce- Engineering development Long-term materials data for Deterr
forced and/or tion. and evaluation; mater- design is lacking. erties
polymer-impregnated ials testing, compos

il REA R
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Table VIli-4

AND TESTING NEZDZD TO SUPZORT THE STORACE OF NSW FUSL3S

Materials Problem

Materials R, D, and T Needs

Report Reference

Remarks Vol. 2, Section V11

2

None, None. Practice similar to existing B-1, C-2.1
storage of natural gas,
H sMaterials employed must None at this time, Concept only. B-i

be resistant to aqueous (or

salt water) coirosion and
effects of Hy (or CO)
environments.

H, 2nvironment etfects over
long times on low and
mediun strength steels.

Fabrication and assembly of
vented-lining type vessels,

Development and application
of coatings with low H,
permeability,

Long~term testang of candidate steels,
and welds in pure and contaminited H,
from -60°F to +160°F. Test deia
required includes notched and
unnotched tensile strength, fracture
toughness, delayed failure under
static load, and low-cycle fatigue,

Development of low-cost fabrication
and assembly methods.

Determine rate of entry of H, into
steels coated with Cd, Pb, Sn, glasses,
etc. Investigate deterioration of
mechanical properties of coated samples
after exposure to H,.

"Line-packing” of transmission B-2, B-3
pipelines is a standard method

of natural gas storage. Data

would permit specification of

safe design and operating

standards.

¥ and

H, environment effects over
long times on high-strength
alloys.

Determine effects of high-pressure H,
on mechanical preoperties of candidate
high-strength alloys and welds.

Long-term mechanical
behavior of FRP in high-
pressure H,.

Present fabrication methods
are expensive, slow, and
size~1limited,

Determine effect of long-term exposure
to high-pressure H, on mechanical
properties of FRP.

Develop iow-cost, rapid, and large-
scale fabrication methods.

PR L S, p MY )

opment Long-tera materials data for Determine long-term mechanical prop-

ter-~

design is lacking.

erties of various types of cement
composites.

Vented-lining techniques B-2, B-3

employed in high pressure,

chemical process vessels con-

taining H,.

- See Section VI1-~A
5.1

- B-2, B-3

- B-2, B-3

- B-2, B-3

Passible low-cost, large- B-3

sCale storage vessels,
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Table VIII-4 {Continued)

MATZRIALS RESSARCH DEVELOPMINT AND TISTING NRSDSD TO SUPPORT THE STORA

Item
No. Type of Storage Fuel Problem Area Type of Solution Materials kroblen AMate
3. BULK STORAGE SYSTEMS
(LIQU10S) _—

3.1.1 Conventional systems M, liquid, Tanks and auxiliary Materials selection. sone. None.
(vacuum jacketed) up equipment.
to 3 x 10° gal.

3.2.1 Metal or metal-lined H, liquid. Design and construc- Engineering develop- None, None.
concrate tanks tion. ment; materials
> 3 x 10° gal. selection.

3.3.1 Reinforced plastic H, liquid. Design and construc- Engineering and fabri- Present fabrication methods Develop L

tanks, tion. cation development. expensive, slow and size- scale fab
limited.

3.3.2 Materials testing. Alaterials data for design Determina
at cryogenic tumperatures ical prop
is lacking. ites at ¢

3.3.3 Materials development. Chill-down stiresses would Develop a
be reduced by low-expansion ¢omposite
materials, trolled o

advanced
or zero

3.4.1 Fiber reinforced H, liquid. Design and construc- Engineering develop~- Materials data for design Determina

impregnated cement tion. ment and evaluation; al cryogenic temperatures ical prop

tanks., materials testing. is lacking. cements a

3.5.1 All liquid H, bulk H, liquid. Insulation materfals. Engineering design and Improved, low-cost ianternal Materials

storage systems. development; materials and external insulation engineeri
development. matelials.,

3.5.2 Auxiliary components. Materials selection, Effects of high-purity H, Test comp

component testing. environments on materials. at servic

3.6.1 Double wall, perlite NH, liquid. None using conventional ~ None, None .

insulated steel low-strength steel con-
tanks. struction,

3.6.2 Use of higher strength Materials research and Stress corrosion cracking Materials

steeis. testing. of steels in liquid Nd,. mechanism
steels in

3.6.3 Testing o

materials

3.7.1 Methanol bulk Methanol None. - Nore -

gtoruge tanks.
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Materials Problem

Teble VIII-4 (Continued)

AND TISTING NESDED 10 SUPPORT THE STORACE OF NEW FUELS

Materials R, D, and T Needs

Remarks

Report Reference
Vol. 2, Sect, VII

None,

None.

Existing technology.

c-1.1, C-1.5

None.

None.

Duble or single wall
construction,

¢-1.1, C-1.5

Present fabrication methods
expensive, slow and size-
limited.

Materials data for design
at cryogenic temperatures
is lacking.

Chill-dova stresses would
be reduced by low-expansion
materials,

Develop low-cost, rapid, and large-
scale fabrication methods.

Determination of physical and mechan-

ical properties of candidate compos-
ites at cryogenic temperatures.

Develop and test reinforced polyameric

composites and structures with con-
trolled orientation of graphite or
advanced organic fibers to give low
or zero expansion ccefficients,

Strength requirements not as
great as Item 2.3.1.

For smaller tanks. Costs
likely to be too high for
large vessels,

C-1.1, C-1.5

c-1.1, C-1.5

Cc-1.1

Materials data for design
at cryogenic temperatures
is lacking.

Determination of physical and mechan-

ical properties of f{iber 'einforced
cements at cryogenic temp ‘atures.

C-1.1, C-1.5

Improved, low-cost internal Materials D and T support for - C-1.4
and external i{nsulation engincering development.
materials.
Effects of high-purity H, Test components in aigh-purity H, - C-1.1
environments on materials. at gervice conditions.
None, None . Standard practice. Cc-2.1
Stress corrosion cracking Matewvaals vesearch to establish Sece also Vol. 1 Sect, 11I- C-2,1
of steels in liquid NH,. mecianism and timits o1 SCC of D.1 and Vol. 2, Sect, VI-

steels in liquid NH,. D.1. Same as ltem 1.5.1

in Table VII(-1.

Testing of candidate SCC resistant - Cc-2.1

materials,
None - Staxdard practice. C-2.2
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Table VIII-4 (Continued)

MATSRIALS RZSEARCH DEVELCPMENT AND TCSTING NEEDED TO SUPPORT THE STO

Item
No. Type of Storage Fuel Problem Area Type of Solution Materiezls Problem Mate
4, SMALL CONTAINER
STORAGE~-GASES
4,1.1  FRP vessels. H, gas. Lighter voessels needed. Develop and qualify Long-term mechanical Determir
filament-wound rein- behavior of FLP in high to high
forced plastic tanks. pressure H,. erties ¢
5, SVALL CONTAINER
STORAGE~-~LIQUIDS
5.1.} Vacuum=-jacketed H, liquid. Low-cost, mags~produced Dasign and fabrication None, Material
tanks. storage tanks. development. port for
gramg.
5.2.1 Insulated tanks. NH; liquid. Low-cost, mass-pro- Design and fabrication None. None.
duced storage tanks, development.
5.3.1 Uninsulated tanks Hydrazine. Very long~-term (10 Design, materials Long~term compatibility of Developm
for hydrazine, year) storage. development and metallic and nonmetallic inert ma
testing, chemical materials with hydrazine.
studies.
5.4.1 Uninsulated tanks Methanol. None of significance. - None, Nore.
for methanol.
6. AIRCRAFT AND SPACE
VEHICLE FUEL TANKS
6.1.1  All aircraft and H, liquid, Flight-weight tank Engineering design and Lack of design data for Determin
space vehicles, design. development using cryogenic temperatures. propertic
advanced composites. at cryogi
6.1.2 Fabrication and Chill-down stresses would Develop :
materials develop-~ be reduced by low-expansion composits
ment. materials, trolled ¢
advanced
or zero e
6.1.3 Adhesive for use in contact Develop s
with liquid H,. ~423°F,
6.1.4 Flexible membrane materials Develop
for itquid H, or H, vapor materials
barriers.,
6.2.1 Subsonic aircraft H, liquid, Fuel tank insulation. Enginecering and Safe, efficient insulation Develop a
matertals development. for temperature range losed-po
~423°F to -~180°F. sermal ¢
s ructura
+180°F,
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Table VII1I-4 (Continued)

H DEVELCPMENT ANL CUSTING NIEDED TO SUPPORT THE STORACZ OF NEW FUELS

Report Reference

-Solution Materials Prublem Materials R, D, and T Needs Remarks Vol., 2, Sect. Vi1
nd qualify Long~-term mechanical Determine effects of long=~torm exposurd =~ B-2, B-3
wound rein- bekavior of FRP in high to high pregsure H, on mechanical prop-
Jastic tanks. pressure H,. erties of FRP.,
.‘p fabrication None. Materials development and testing sup- Essenatial for use of l.iquid Cc-1.2
1 port for enginec~ing development pro~ H, by vehicles, small boats,
grams. partable equipment. .
%iaﬂ fabrication None, None. - Cc-2.1
f5
wnt
Loag~term compatibility of Development and testing of highly Short-term small container C-2.1
metallic and nonmetallic inert materials or coatings. storage of hydrazine poses
materials with hydrazine no serious problems,
None. None. Corrusion may be a siight c-2.2
preolem.
ng design and Lack of design data for Determine physical and mechanical Storage times required are C-1.3
cryogenic tempera.ures. properties of candidate composites relatively short.
omposites, at cryogenic temperatures.
“hill~down stresses would Develop and test reinforced polymeric Sam0 as Item 3.3.3. C-1.3
develop~ be reduced by low-expansion composites and structures with con-
materials, trolled orientation of graphite or
advanced organic fibers to give low
or 7oro expansion coefficients,
Adhesive for usc in contact Deveicop adhesives for service at - C~-1.3
with liquid H,. ~-423°F,
Flexible membrane materials Develop uigh-strength flexible membrane - C-1.3

for liquid H, or H, vapor
barriers,

materials for service at =-123°F,

Fing and
8 development.

Safe, efficient insulation
for temperature range
-423°F to ~180°F,

Develop and test fire-resistant
closed-pore foams with very low
thernal conductivity and good
structural strength from -423°F to
+180°F,

Foams may be fiber rein-
forced.

C-1.3, C-1.4
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Table VIII-4 (Continued)

MATERIALS R3SEARC'! DEVAILOPMENT AND TZSTING N32DED TO SUPPORT TEE ST

Iten
No. T!pe of Storage Fuel Problem Area Type of Solution Materials Problenm Mate
6. AIRCRAFT AND SPACE
VEHICLE I'JEL TANKS
(Ccacluded)
5.3.1 Jupersonic zircraft. H, liquicd, Fiel tank insulation. Engineering and Hot-face insulation tempera~ Material.
materials development. ture may reach 350°F. neeering
J.4a.l Hypersonic aircraft. H, gas. Fuel tank insulztion, Fugineering and Target for insulation Materials
materials development. operating range is -423°F neering ¢
to +650°F.
7. STORAGK OF NE¥ FUELS
AS SOL1DS
7.1.1 Storage of hydrogen H, gas Technical and economic Cost/benefit analysis [Estimate materials compon-  Assistanc
us metal hydrides. feasibility. of hydride systems ent of system costs. technical
compared with liquid study.
and gascous H,, for
various storage capa-
citic3 and appli~-
caiions.
7.1.2 vack of operational Build, est, and Not applicable. Assistanc
axperience. develup engineering
prototype systems
based on Mg and FeTi,
7.1.3 Performance improve~ Materials research and Abssrption and desorption Studies ¢
ments, development, kinetics, desorptic
candidate
7.1.4 Investigs
additions
systems.
7.1.5 Limited cycle iife, Examine e
especially for deep H,0, cdox
discharges. life.
7.1.6 Investigs
charge re
and bed ¢
bed struc
8. STORAGE OF HY-PRODUCT
OXYGEN —
8.1.1 Bulk sto.nge as gas By-product Possible ‘gnition Engineering siudies. None None

in geological
caverns,

0, gas

unazards,
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Table ViII-4 (Continued)
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AND TESTING N22DED TO SUPPORT TEE STORAGE OF NEW FUELS

Materials Problem

Materials R, D, and T Needs

Remarks

RTINS

AR T0E
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Report Reference
Vol. 2, Sect. VII

Hot-face insulation tempera- Materials D and T support to engi-

ture may reach 350°F.

neeering development programs.

C~1.3

Target for insulation
operating range is -423°F
to +650°F,

Materiale D and T suppoirt to engi-
neering development programs.

Hot-face insulation tempera~

tures will depead on ajreraft

or vehicle design.

C~1.3, C-1.4

Estimate materials cowpon-
ent of system costs,

Not applicable.

Abscrption and desorpticn
kinetics.

Limited cycle life,
especially for deep
discharges.

Assistance in materials aspects of
technical and economic feasibility
study.

Assistance and consultation,

Studies of H, absorption,storage ond
desorption characteristics for new
candidate systems.

Investigate effects of minor alloy
additions on performance of known
systems.

Examine effects of contaminants (0,,
H,0, odorants, illuminants) on cycle
life.

Investigate cycle life/depth of dis-

charge relationships for various rates

and bed conditions.
bed structures.

Develop improved

Study nceds to be done in
depth.
are not considered adequate.

One program using FeTi
initiated at Brookhaven
National Laboratory.

Published comparisons

D-4

D-q

b-4

None

Analgzgous to current practice E

with natural gas.
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Table ViII-4 (Conciuded)

MATERIALS RZSEARCH DZVELOPM3NT AND TESTING NEEDED TO SUPPORT THE STORAGE O

Item

No. Type of Storage Fuel Protrlem Area Type of Solution Mrterials Problem Materials

8. STORAGE OF BY-FROLUCT

OXYGEN
8,2.1 Bulk storage as gas By-product Safety of utorage Materials qualifica~ Long~term compatibiiity of Determination
11 man-made 0, gas. vessels, tion, low-cost materials of con- materials of ¢
systens. struction with 0, at high ditions simula
pressures. sure.

8.2.2 Materials research. Lack of fundamental Studies oi eff
knowledgze concerning sure of mmetals
effoct3 of long-tern expo- and contaminat
sure to high pressure 0, behavior and s
on mechanical behavior of
metals.,

8.2.3 Engineering and syscem - Supporting stu

design; hazard aspects of eng
analysis; econowmic and economic e
analysis,

8.3.1 Bulk storage as By=-prouuct Safety of storage Materials selectaion. Comp=tibility of metals and ANone.

liquid in - an-made O, liquid. vessels. other materials with liquid
systems. 0,.
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Table VIII-4 (Concluded)
PMIENT AND TESTING NEEDED TO SUPPORT THE STORAGE OF N3ZW FUELS
Report Reference
Materials Problem Materials R, D, and T Needs Remarks Vol. 2, Sect. VIl
Long~term compatibility of Determination of ignition hazards for - E
low-cost materials of con- materials of construction under con-
struction with O, at high ditions simulating most severe expo-
pressures. sure.
Lack of fundamental Studies of effects of long-term expo~ ~ E
knovledge concerning sure of mectals to high pressure pure
effects of long-term expo- and contaminated G, on their mechanical
sure to high pressure O, behavior and surface conditiorn.
on mechanical behavior of
metals.
system -~ Supporting studics ot materials - E
aspects of engineering, hazard,
ic and @conomic evaluation.
Compatibility of metals and None. Existing technology and prac- E
other materials with liguid tire. Safety standards must
Oz, be enforced tc preveat
accidents,
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IX RESEARCH RECOMMENDATIONS AND PRIORITIES

Table IX-1

Program A:

Table IX-2

Program B:

This section collates and reclassifies the materials research, develop-
ment, and testing needs identified in Tables VIII-1 through VIII-4 into

ten major programs as follows:

Effects of Hydrogen on Materials

Effects of Hydrogen Carriers and Partially

Oxygenated Compounds on Materials

Table 1X-3

Program C:

Table IX-4

Program D:

Table IX-5

Program E:

Table IX-6

Program F:

Table IX-7

Program G:

Table IX-8

Program H:

Effects of Oxygen (By-Product) on Materials
High-Temperature Materials Stuﬁies

Materials for Service at Cryogenic Temperatures
Materials for Fuel Cells and Electrolyzers
Materials for High Energy Density Batteries

Catalysts (Excluding Electrode~Catalysts)

IX-1
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Table IX-9

2 Vo oY gyl ® 0

Program J: Miscellaneous Materials Development and Fabrication

|}

Table IX-10

Program K: Technoeconomic and Engineering Feasibility and

Evaluation Studies.

A number of specific projects are described within each major program.
The relevance of each project to DoD is estimated and a priority is sug-~

gested. The tabular form employed and the significance of the individual

table columns are described below.

Project Number (Column 1)

Column 1 lists the project number which consists of the major program .
letter (A through K) followed by a number that identifies the individual

project within the major program.

Project Description (Column 2)

Column 2 gives a project title and a short description of the suggested
scope of the study. In some instances the project is divided into subpro-

jects, identified by lower case letters in parentheses, e.g., (a).

Activity Type (Column 3)

Column 3 contains a simple description of the type of activity

involved in the performance of the project; for example, "Basic research"

or "Materials testing and interpretation.’

Fuel (Column 4)

Column 4 lists the fuel or fuels to which the project relates.

I1X-2




Problem Area (Column 5)

Column 5 gives an abbreviated description of the problem area to
which the proposed project or subproject relates. A horizontal line
running from Column 4 (Fuels) through Column 10 separates the informa-
tion contained in these columns according to the problem area indicated

in Column 5. In some instances, a single project, for example, project

A-) in Table IX-1, is related to several problem areas. In some other
cases, individual subprojects are related to separate problem areas; in
this instance, the relationship is clarified by the subproject identifying
letter given before the problem area description, for example,

project A-5(a) and A-5(b) in Table IX-1.

Reference to Section VIII (Coluuns 6 and 7)

These columns list the table and item numbers of the materials
research, development, and testing needs identified in Section VIII that
the project or subproject described in Column 2 aims to solve. The
relevant textual matter of Sections IV through VII in Volume 2 can be

traced using these Section VIII item numbers and table numbers.

Relevance to DoD (Column 8)

This column indicates our judgment of the relevance of the project

or subproject to DoD requirements. The relevance is indicated as "high,"

"moderate.” or "low" and reflects the highest degree of relevance among
the items listed in Column 7. (These items do, of course, vary in their
relevance to DoD even though their solution is provided by the same

project or subproject.)

IX-3




Priority (Column 9)

Column 9 lndicates our rating on & scale of 1 (high) to 5 (low) of
the priority that should be accorded to the project or subproject in the

context of the specific problem area shown in Column 5. A project may

be assigned a high priority in relation to one problem area and a low
priority in regard to another, since given problem areas will be of
varying importance and may require solutions in different tine-frames.
The listed priority rating is based on a combination of the importance

of the problem, the urgency of the need for a solution and the relevance
of the problem to the DoD. It must be emphasized that the priority judg-
ments represent our interpretation of the information unccvered during
the performance of this study and that new information or changes in

DoD policy might necessitate a corresponding update of the priority

ratings.

Remarks (Column 10)

Explanatory comments are made in this column either to clarify the
relevance or priority ratings in Columns 8 and 9, or to provide additional

general information on the problem area or the nature of the project.

1X-4




IX-A. DISCUSSION OF RESEARCH RECOMMENDATIONS

The suggested materials research, development, ard testing
projects are briefly described in the following paragraphs under the
programs of which they are a part. An overall summary (Section IX-B)
discusses the most important materials aspects of the use of new fuels

in advanced energy systems.

1. PROGRAM A: EFFECTS OF HYDROGEN ON MATERIALS

In spite of the extensive literature on the effects of hydrogen
on metallic materials, this study has shown that there are still serious
deficiencies in our knowledge, particularly with regard to the behavior
of materials of practical engineering significance under conditions that
might be encountered in a hydrogen economy. This is especially true of
the use of aerospace materials in hydrogen-fueled aircraft or rockets
and of the use of general engineer:ng materials)for pipeline transmis-
sion and distribution of hydrogen. Wwhile the materials requirements
for these two application areas are completely different the two cases
have in common the fact that the materials employed are used at the
highest possible level of performance. This common performance require-
ment is dictated in the case of aerospace materials by the need to mini-
mize weight in flight structures of all kinds, and, in the case of

pipeline materials, is a consequence of economic considerations.

Projects A~1 and A~2 relate to the use of aerospace structural
materials in hydroger environments. Tnese are the materials employed
in components extending from on~bcard fuel tanks through the paint where
the hydrogen fuel i:i burned. The materials testing and interpratation
work recommended would encompass temperatures ranging from liquid

hydrogen temperatures up to 1500°F and to significantly higher

1X-5
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temperatures in special cases, such as those that might occur if hydrogen
were used to cool the hot components cf turbine or rocket engines.

Because of the different testing techniques required, the measurement and

interpretation of the mechanical vioperties of aircraft structural mater-
idls in hydrogen environments has been divided into two separate projects,
projects A-1 and A-2, Project A-1 is related to property measurements
from -423°F to 300°F, while project A-2 is related to temperatures from
300°F upwards, For both projects, tests should be conducted both in

an inert -~tmosphere, such as helium, ard in hydrogen, to obtain an indi-
cation of the property degradation due to the hydrogen environment. Much
of this work would extend and continue such programs as those summari:ed
in Table IV-2 (Volume 2). Since it is likely that advanced composite
materials with polymeric as well as metallic matrices may be employed
over the low and moderately elevated temperature ranges, we believe
testing of the~¢ materials should be included, since no definitive informa-
tion appears to exist as to the behavior of th1§ category of materials in

hydrogen environments.

The information cbtained from the suggested test projects can
be employed to determine the critical stresses (or stress inteasities)
below which the materials can be used safely when exposed to the most
severe environmental conditions likely to be encountered in service,
However, these design dat: will be of more value if the mechanisms causing
property degradation are fully understood. For this reason, an important
part o both projects will be to analyze and interpret the test results
in terms of the composition, microstructure, and surface condition of the

material, and the details of the test environment,

I1X-6
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The effects of hydrogen environments on pipeline materials
is the highest priority item under Project A-3: Hydrogen Environment
Effects on Engineering Materials. The enormous capital investment in
pipeline transmissioi and distribution systems makes it essential that
a conclusive answer be provided to the question of whether or not
preseiit-day and future pipeline steels (and welds) are acceptable for
use with hydrogen. and if so, what factors of safety should be applied

tv the desiyn of the system.

Three aspects of the effects of hydrogen on the behavior of
aerospace and general engineering materials are worthy of special

mention:
® Hydrogen-assisted fatigue cracking.

o The effect of contaminants in the gas on the mechanical
behavior of materials in hydrogen environments.
® The role of surface films and surface contaminants on the

adsorption and dissociation of hydrogen.

The first two topics hava been included in the mechanical properties
investigations covered by Projects A-~1, A-2, and A-3. The third topic
is the subject of a separate project (A-6). The resulis of this project
will have an important bearing on understandirg the mechanical
behavior of practical materials in hydrogen environments under actual

service conditions.

Permeation of hydrogen through metallic and nonmetallic
materials is not of general impnrtance; however, the two specific
studies shown under A-5 have been included. Project A-5(a) relates to
the particular requirements involved in the use of hydrogen as the
working fluid for Stirling cycle engines; its importance will depend

on the extent of industry and DoD interest in this type of engine.
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Project A-5(b) ralates to the possible use of protective coatings to
prevent the entry of hydrogen into metals., This project should be
exploratory in nature, since the possibilities of practical success

for such an approach would appear to be limited.

While most interactionz of hydrogen with metals are considered
as having unfavorable implications, the use of hydrides for storage of
hydrogen represents an attractive possibility for utility peak shaving
requirements and possibly for the on-board storage of hydrogen fuel for
vehicles. Continuation and extension of metal hydride studies under
Project A-7 has been assigned a priority rating of 2, but the level of
effort should, in our view, deperd on the outcome of technoeconomic and
prototype studies to determine the potential advantages of this system

compared with gaseous or liquid fuel storage.

In addition to the extensive materials testing studies
identified under Proiect A-", new or existing pipelines cannot be
recommended for use with hydrogen until extensive full-scale pipe testing
has been safely completed. This activity is identified under Project
n-8 and is accorded a priority equal to the associated materials testing

studies, as they relate to pipeline materials.,

Project A-~9 includes various materials development, testing,
and consultation activities required to support engineering development
apd component testing programs in a variety of different problem areas,
Since the potential effects of hydrogen on a wide variety of materials
may be deleterious to varying degrees it is essential that adequately
qualified materials experts are involved at all stages of the engineering
design. development, testing, and production of equipment or components
expused to hydrogen environments to ensure maximum reliability and

safety of operation.
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It is our overall conciusion that the effects of hydrogen on
materials will not constitute an insurmountable barrier to the safe
and effective use of hydrogen as a fuel for militz=ry, industrial,
commercial and residential use. However, before hydrogen fuel can be
successfully introduced, extensive additional information must be
developed. Program A represents a tentative suggestion of the materials
research, development, and testing programs required to provide this

information.

2. PROGRAM B: EFFECTS OF HYDROGEN CARRIERS AND PARTIALLY
OXYGENATED COMPOUNDS ON MATERIALS

The use of the various hydrogen-derived fuels constirutes an
alternative to the direct use of hydrogen itself. These alternative
fuels are grouped as hydrogen carriers and partially oxygenated com-
pounds. The principal hydrogen carrier is ammqnia, with hydrazine
second in importance; the hydrogen carriers borane and silane also dis-
cussed in Volumes 1 and 2 of this report are not considered of sufficient
importance to justify significant research effort at this time. The
partially oxygenated compounds carbon monoxide and methanol derived
from the hydrogen reduction of nonfossil carbon dioxide are also con-
sidered as alternatives to hydrogen fuels. Program B, Table IX-2
summarizes research, development,and testing programs considered neces-

sary to support the use of these alternative fuels,

The choice of ammonia a2s an alternative fuel poses few serious
materials problems, with one important exception: the stress corrosion
cracking of steels in liquid ammonia, which now constitutes an unsolved

problem important to the transportation of ammonia by tank truck.
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The basic research proposed under Project B-1(a) and the
materials testing and interpretation investigations proposed under

Project B-1(b) are considered of high priority with regard to the trans-
portation of ammonia by pipeline or su:face methods. At the present time
the actual extent of the phenomenon is not known and investigations to
determinz the limits of stress corrosion cracking with respect to the
steel composition and microstructure, stress level and type of stressing,
and the type and concentration of contaminants deliberately or accidentally
present in the liquid ammonia should be instituted at an early date.

These basic studies should be accompanied by long-term delayed-failure

and fatigue tests of presently used and future candidate materials for
ammonia pipeline or transportation vessels to select and qualify

suitable materials of construction and to define safe materials design
criteria. Full-scale testing of pipeline sections would also be necessary
before the safety of new or existing pipelines for ammonia transportation

could be assured.

Hydrazine is not, in our view, likely to become a major fuel for
general use. For most military uses of hydrazine, adequate materials
informatiou already exists but additional compatibility studies are
required fcr applications involving the long-time storage of hydrazine
for periods of up to ten years. These investigations are included in

Project B-3.

Of the partially oxygenated fuels, methanol does not appear
to have any deleterious effects of importance on materials,with the
exception of the well-known stress corrosion cracking of titanium in
methanol environments. The reactions of carbon monoxide with metals at
elevated temperztures are well understood and ccemmon materials of con-

struction are generally considered to be inert to carbu» monoxide at
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near-ambient temperatures and pressures. However, some uncertainty
exists regarding the long-term effects of high-pressure carbon

monoxide on the mechanical properties of metals. It is considered
advisable to institute a materials testing and interpretation project
to establish whether any deterioration of the mechanical properties

of metals occurs under these conditions in pure and contaminated carbon
monoxide. The pricority accorded to this program at the present time
is low, althcugh it may be advisable to raise the priority if the

general use of carbon monoxide fuel is projected.

Thus, the most important materials research and development
projects concerned with the effects of hydrogen carriers and partially
oxygenated compounds on materials are those directed towards solving
the problem of the stress corrosion cracking of steels in liquid
ammonia. We believe that significant support should be accorded these

rojects at an early date.

3. PROGRAM C: EFFECTS OF OXYGEN (BY-PRODUCT) ON MATERIALS

The mechanical properties of engineering materials are normally
measured in air and it is assumed that oxygen environments do not change
the property values. However, this assumption has not been adequately
substantiated for long-term exposure to high-pressure oxygen when flaws
or cracks are present in the material or when it is subjected to high-
or low-cycle fatigue. A fundamental project to provide definitive
information on this point is therefore suggested as a necessary pre-
liminary to the large-scale use of oxygen and is relevant to the safet;y
of existing systems. Safety considerations have also led us to recom-
mend a study of ignition hazards in oxygen pipelines containing surface
cracks or flaws when subjected to rapid stressing, impact, or fatigue.

(Project C-2.)
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Probably the most important topic for study in connection
with the large-scale general distribution and use of by-product oxygen
is the question of whether such distribution is, in fact, technically
and economically feasible. To arrive at an early judgment of this
question, an in-depth engineering system study including hazard analysis

and economic analysis is considered dciirable.

4. PROGRAM D: HIGH-TEMPERATURE MATERIALS STUDIES

Once the hydrogen fuel reaches the point of combustion, we
have assumed that the effects of aydrogen itself on materials are no
longer of concern. In some cases, momentary exposure of materials to
hydrogen-containing combustion gases may exist where the mixture is
momentarily fuel-rich but we consider that such transient situations

can generally be neglected.

The principal differences between the combustion of hydrogen
and of fossil fuels are the somewhat higher flame temperatures experienced
with hydrogen, the different combustion conditions, and the fact that the
combustion gases have a higher water content~--pure water in the case of
hydrogen combustion with oxygen. This last factor is approached from
two different viewpoints in projects D-1 and D-2. Project D-1 proposes
a fundamental investigation of the kinetics of reaction of candidate gas
turbine materials with high water content environments. Silicon nitride
and silicon carbide are considered important materials to be examined
in this study because of the considerable government support of programs
aimed at the use of these ceramics in both large and small gas turbines.
In addition to this basic research project we consider it necessary
to institute an extensive materials testing and evaluation project to
determine the high-temperature mechanical and environment endurance

of present and future candidate gas turbine materials in actual
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or simulated hydrogen/air and hydrogen/oxygen combustion gases. Both of
these projects will be important to advanced gas turbine design and
development and are therefore considered of high relevance to the Depart-
ment of Defense and have been accorded a 1 priority. Project D-2
consists essentially of an expansion of existing gas turbine materials
programs to include the modified environment due to the change of fuel

from hydrocarbon to hydrogen.

If water cooling of high-temperature gas turbine components,
or components of oxygen/hydrogen combustion systems, is found to be
feasible, the cooling channels will be subjected to high-velocity,
high-temperature water which could produce rapid oxidation or corrosion
due to the accelerating effect of erosion. Evaluation of this possibility

is recommended if water cooling is adopted for high-temperature components.

5. PROGRAM E: MATERIALS FOR SERVICE AT CRYOGENIC TEMPERATURES

Use of liquid hydrogen fuel will involve the extensive t.se of
materials and components at temperatures near -423°F. While considerable
data exists on the low-temperature behavior of a wide variety of materials,
much of the information does not extend to or below the boiling point of
hydrogen. An extensive project of materials property determination and
evaluation will be required to support engineering design and development
of equipment associated with the use, production, transportation, and
storage of liquid hydrogen. These investigations. grouped in Project E-1,
will be of moderate to high relevance to DoD and oif variable priority
according to the specific application. Work related to aircraft liquid

hydrogen fuel tanks will be of special concern to DoD and of high priority.

IX-13

Fon gl




Materials development is recommended in two separate areas
in connection with aircraft and space vehicle liquid hydrogen fuei tanks.
In the first area (Project E-2), possibilities exist of reducing chill-
down stresses in tanks and associated structures by the development of
polymeric composite materials with low thermal conductivity and low or
zero thermal expansion coefficients. Low thermal expansion coefficients
can be obtained by the use of selected and accurately controlled orienta-
tions of reinforcing fibers of graphite or advanced organic fibers such
as Kevlar 49R that have negative coefficients of expansion. While these
materials are likely to ke expensive, the potential advantages of such
materials and structures probably justify significant development work

of high priority.

Highly efficient cryogenic insulation systems are of obvious
importance in the handling of liquid hydrogen. While significant
advances have been made in recent years, there appear to be two areas
that would justify further materials development effort., The first area
is the development of improved low-cost insulation systems for bulk liquid
hydrogen storage (Project E-3). For the second area, insulation systems
for aircraft and space vehicle liquid hydrogen tanks, continuation and
expansion of existing projects is recommended. Two special requirements
exist in this case. The first is for a high degree of fire resistance, and

the second, applicable to supersonic and hypersonic aircraft, is that the

ingulation be able to function with high hot-face temperatures,which may
§ in some instances reach 650°F, Materials support for the engineering

development of improved insulation systems for this application is con-

© o oh

sidered of high relevance to DoD and has been assigned a high priority.
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PROGRAM F: MATERIALS FCR FUEL CELLS AND ELECTROLYZERS

To allow fuel cells to realize their potential for wide appli-
cation in a nonfossil fuel economy, improved materials will be required

for clectrocatalysts, electrode structures, and electrolyte matrices.

At the present time,it appears that alkaline hydrogen fuel cells

(including regenerative types) are the most attractive class of cells

for use in a hydrogen-based fuel system and high priorities in the
materials research and development have therefore been accorded to programs

associated with fuel cells of this type.

Advanced electrolyzers based on fuel-cell technology appear
at the present time to have the best potential for reducing the basic
cost of hydrogen fuel. In our view, the stntus of development of thermo-
chemical splitting methods for the production of hydrogen is not yet
sufficiently advanced to permit realistic estimates of the cost of
hydrogen produced by this method. Since the feasibility and accepta-
bility of a nonfossil hydrogen ecoaomy will depend to a large extent
on the cost of hydrogen in comparison with the cost of alternative fuels,
we believe that the materials-related programs in support of advanced
electrolyzer development may constitute the most important scientific

and technical effort related to the hydrogen economy.

Because of the close ties between advanced electrolyzer and
advanced fuel-cell technology, these two subjects have been included
in a common program, Projects F-1 through F-4 are concerned with
improvements in electrocatalysts, a critical area for improving the
efficiency of both fuel cells and electrolyzers. Projects F-1 and
F-2 are principally directed at reducing the capital cost of the fuel

cell or electrolyzer systems by lowering the loading of noble metal
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catalysts required or by developing nonnoble metal catalysts of high
activity and durability. Special purpose electrocatalysts included in
Project F~4 are generally accorded lower priorities., Project F-3 is
concerned with work of general application of both a fundamental and
empirical nature. Fundamental studies of electrocatalysts are required
to provide a scientific basis for electrocatalyst development. In
this connection it should be pointed out that electrocatalyst behavior
and the mechanisms of the electrocatalytic process differ markedly

from those for general chemical process catalysis.

Problems associated with electrode materials and electrode
structures and with the matrix or diaphragm materials are the subject of
theinvestigatiohslisted in Projects F-5 and F-6. The highest priority
in these two projects is accorded to efforts to increase the operating
temperature of alkaline fuel cells and alkaline electrolyzer systems,
since in both cases higher temperature operation would result in

increased efficiency.

Project F-7 involves additional basic materials research
and materials development studies associated with the ionic behavior
of solids. Project F-7(a) is directed at uncovering inorganic solids
that have good ionic conducting properties at moderate temperatures.
A significant breakthrough in this area could result in a reduced operating
temperature for inorganic solid electrolyte fuel cells and electrolyzers,
and by so doing, increase their efficlency and reduce the general
materials problems of high-temperature operation. Research concerned
with ion-conducting behavior in solid polymeric materials could make
important contributions to increasing the efficiency and reducing the
cost of the attractive solid polymer electrolyte electrolyzer systems.
Among the general materials problems associated with the construction

of fuel cells and electrolyzers, the most important is concerned with
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the frame materials for alkaline eiectrolyzers. The presently used
material, polysulphone is limited to 150°C operation. If higher tempera-
ture operation is to be obtained, improvements in the frame materials

must accompany other advances in the technology.

The materials research and development associated with fuel
cells and electrolyzers generally is of such a nature that it must be
conducted in close collaboration with the electrochemical and engineering
research and development activities. We suggest this consideration
should be borne in mind in the planning and funding of materials research,
development, and testing programs associated with fuel cell and

electrolyzer development.

7. PROGRAM G: MATERIALS FOR HIGH ENERGY I. SITY BATTERIES

High energy density batteries are generally a topic of high
or moderate relevance to the Department of Defense since portable power
supplies are an essential requirement in almost all defense systems.
Our review of this area clearly indicates that materials problems
encountered in the development of a battery system are highly specific
to the particular combination of elecg;odes and electrolyte involved
in that system. Solutions developed to materials problems for one
battery system are unlikely to apply to other systems because of the
different environmental compatibility requirements, As a consequence,
we believe that the materials research and development projects included
under Program G should be undertaken as an idpegihl part of battery
development programs rather than as independent, materials-oriented
studies. A possible exception to this generalization is Project G-2,
in which studies of the ion-conducting behavior of solids are proposed.

This work bears a close relationship to similar topics proposed in
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Program F (Materials for Fuel Cells and Electrolyzers) ard some combiaa-
tion of the research effort in these topics would be possible and

advantageous.

8. PROGRAM H: CATALYSTS (EXCLUDING ELECTROCATALYSTS)

Three projects have been identified in the area of catalysis.
The first of these relates to a specific DoD regquirement for very long
life catalysts for the catalytic decomposition of hydrazine within

small monopropellant rockct engines.

The second group of catalyst research and development studies

is associated with the catalytic combustion of new fuels (Project H-2).

Catalytic combustion offers a highly efficient low-temperature heat

source for space and water heating. Moderate priority is accorded to work
associated with fundamental and developmental studies of the catalytic
combustion of hydrogen, while relatively low priorities are given to

the catalytic combustion of ammonia or other alternative new fuels.

The third project in this program is related to the possible use
of methancl or carbon monoxide as alternative new fuels. In either
case, the production of carbon monoxide by the hydrogen reduction of
nonfossil carbon dioxide is necessary and is accomplished by the
reversed shift reaction., Although this reaction is well known, it
has not been of commercial significance as has the forward shift reac~
tion,which results in the formation of hydrogen from carbon monoxide
and water. If carbon monoxide and/or methanol become adepted as general
purpose fuels, the development of catalysts to improve process efficiencies
will be highly desirable. A low priority is accorded to this project
in relation to the production of carbon monoxide (and not methanol) as
a general fuel, while a higher priority is associated with the production
of methannl, which we regard as a more likely fuel, particularly for

vehicle use.
1X-18
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9. PROGRAM J: MISCELLANEOUS MATERIALS DEVELOPMENT AND
FABRICATION

In this program we have colliected varicus materials develop-
ment and fabrication projects not covéﬁgd (or not covered completely) in

other programs.

Because of its important reiation to advanced gas turbines
systems and rocket engine development, Project J-1,consisting of
materials support for the development of advanced cooling systems,is

accorded a high priority and is cousidered highly relevant to LoD.

Project J-2, the development of fiber-reinforced cement and
concretes,is a project of wide general applicability. These materials
may offer a significant alternative to large-scale steel <onstruction

for pressure vessels and storage tanks.

Vented-lining construction of high-pressure process vessels
for hydrogen service has been adopted in the process industry to
provide protection for the steei pressure sheli by the use of a thin
hydrogen-resistant lining material. This type of construction is too
expensive for general use but it is possible that low-cost manufacturing
and assembly methods for such items as line pipe and plate for storage
tanks might be feasible. Project J-3 is therefore suggested as an
exploratory manufacturing development siudy program that could make possible

the use of highly efficient high-strength steel structures in hydrogen

environments.

Project J-4 includes three deve upment studies related to
the use of fiber-reinforced composites for a variety of large and

small pipe &nd tankage applications. Project J-4(c), also listed
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in Program E, is accorded the highest priority in view of its relevance
to DoD in relation to aircraft and space vehicle 1liquid hydrogen fuel

tanks.

Project J-5 is a small project of significance with regard to
moving components operating in hydrongen environments and is particularly
related to hycrogen compressors and hydrogen pumps. The relatively
low priority accorded this project could be increased if engineering

experience indicates a higher level of need.

10. PROGRAM K: TECHNOECONOMIC AND ENGINEERING FEASIBILITY AND
EVALUATION STUDIES

In the performance of this study, we have uncovered three
areas in which we feel anecessary policy or strategy judgments require
extensive technosconomic or engineering feasibility and evaluation
studies and analyses. The first uf these, accorded the highest priority,
relates to the production of hydrogen by electrolytic methods and to the
large~scale use of fuel cells. The large~scaie manufacture of these
types of equipment will introduce new requirements for specialty polymers
and ceramics, and noble and nonnoble e=lectrocatalysts. Of particular
concorn is the possible need for vast gquantities of platinum, far in
excess of current usage or production. Questions of materials availa-
bility are likely to ve critical in policy decisions relating to com-
peting fuel cell and electrolyzer technologies and to general defense
materials requirements. Project K-1 is therefore considered highly

relevant to DoD and has besn accorded a priority of 1.

1
The second project suggested velates to the use of by-product
oxygen. A critical element in judgnents as to the desirability of
distributing and using the oxygen produced as a by-product of hydrogen

prcduction processes as compared with venting it and burning the hydrogen
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fuel with air will be the feasibility and cost of the general trans-
mission and distribution of by-product oxygen. Project K-2 is therefore
regarded as a necessary preliminary step before significant funding is
committed to development or engineering expenditures in this area.
Project K-3 is more specific in nature and proposes a cost/benefit
analysis of hydride systems compared with liquid and gaseous hydrogen
storage for various applications, including peak shaving and vehicle

uses., 1t is considered that adequate in-depth comparisons have not been

made in this area and are needed before a definitive judgment as to the

economic viability of hydride storage systems can be made.
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IX-B. MATERIALS REQUIREMENTS FOR ADVANCED ENERGY SYSTEMS--
NEW FUELS; SUMMARY AND OVERVIEW

This study sought to identify materials-critical aspects of
the use, production, transportation, and storage of new fuels derived
from nonfossil sources, Hydrogen was the principal new fuel studied;
hydrogen-derived fuels considered were ammonia, hydrazine, boranes,
silanes, carbon monoxide, and methyl alcohol. The materials implica-
tions of the use, transportation, and storage of oxygen (produced as a
by~product in hydrogen generaticr) and of the use of active metals in
batteries were also examined during the study. Previous volumes of

this report are concerned with:
Volume 1: Interactions of Materials with New Fuels

Volume 2: Materials Aspects of the Use, Production,
Transportation, and Storage of Now Fuels
In this volume (Volume 3), the results of the study have been correlated
and analyzed in Section VIII., while Section IX prouvides a listing of
ten major research development and testing prorran areas within each of
which specific projects are described. The relevance of these projects
to DoD is noted and a judgment is given of their relative priorities in

the context of the problem area to which ihey are related.

Of the four program areas--use, production, transportation,
and storage--the materials requireﬁents related to hydrogen production
are probably the most important, since the viability of a hydrogen fuel
economy depends above all on our ability to produce hydrogen with the
most etficient use of energy wnd at the lowest possible cost. At the
present time. the production of hydrogern by the thermochemical splitting

oi water is »t«.. 1L 31 sufficiently advanced stage to permit any
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clear assessment of its competitive statuvs. It is therefore considered
that the electrolysis of water is the most likely route by which hydrogen
can be produced in the quantities required, and it is in this area that
we believe a major research and development effort should be concentrated.
The efficiency of electrolyzer systems is highly dependent on advances

in electrocatalyst materials, materials for electrode structures and

electrolyte matrices, and electrolyte materials,

The second question of key importance to the implementation
of a hydrogen economy is whether hydrogen can be transported safely and
economically in pipelines constructed of low-cost, readily available
materials. This judgment will depend on defiritive technical information
that does not now exist. An extensive program of materials testiag and
research should therefore be implemented at an early date on a scale
sufficient to ensure that the necessary information is available when

needed.

The use of hydrogen as a fuel in a wide voriety of equipment
does not appear tc pose any insurmountable obstacles, although exiensive
materials research, development, and testing programs will be required
to ensure meximum safety, reliability, and efficiency in hydrogen-using
equipment. It is in the area of use that materjals projects of highest
relevance to DoD are found. Problem areas of psrticular importance to
DoD requiring materials support include the use cf hydrogen as an
aircraft fuel, the further development of fuel cells for the direct con-
vercicn of hydrogen fuel to electrical energy, and the use of active

metals in high energy density batteiries.

Materials problems related to the storage of hydrogen and of

the other new tuels do not appear to be a pacing factor., In this area,
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items of highest relevance to DoD are concerned with the on~board storage

of liquid-hydrogen fuels in aircraft,

Among the alternative fuels, ammonia poses some problems in the
area of transpcrtation and storage that require materials research and
testing. The economic production of methanol from nonfossil sources
may present difficuities but this fuel appears otherwise attractive,

particularly for vehicle use and presents no major materials problemns.

In conclusion, we are confident that the materials requirements
for advanced energy systeits based on new fuels can be satisfied by a
program of materials research, development,and testing of the type out-
lined in tabular form in this section of the report, coupled with the

diligent and careful use of e.xisting materials information.
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Table IX-1

PROGRAM A: EFFECTS OF H, ON MATERIALS

Reference to
Relates to; Section VIII
Project Activity Table Rele
No. Project Description Type Fuel Problem Area No, Item No. tc
A-1 Degradation of \lechanical Properties of Aerospace Materials testing H2 tuel supply and heat 1 1.2.1 Hig
Structural Materials in Hydrogen Environments; and 1nterpretation. exchanger,/gasijier 1,3.1
-423°F to 300°F for all types of He- 1.4.1
i Properties: tensiie, notched tensile, high- and burming gas turbines, 2.1.1
3 low-cycle fatigue, fracture toughness, crack hypersonic aircraft
growth, delayed failure, and rocket engines.
E Materials: Al-alloys, stainless steels, nickel- H | H, expansion turbines{ 1 1.3.1 Hig
= and cobalt-base alloys, brazing alloys,Ti- for aircraft and
alloys, advanced composites, polymers, rein- rocket fuel pumps,
3 forced plastics., H, | H,- covled turbine 3 1.2.6 | Mod
Variables: temperature, H, pressure, contaminants, components,
= exposure time, strain rate, stress level, stress H, | Starling Cycle 1 6,3.1 Mod
¥ intensity, materiat composition and microstructure, engines.,
welds. H, | Compressor com- 2 i.1.1 Low
ponents.
H, ! Pressure vessels. 3 3.1.1 g
i 1 2.2.1
! 2.3.1
H, | Aircraft and space 3 4.6.2 g
vehicle fuel tanks, 4 6.1.1
arr tanker.
= ¥
B i
B -2 Degradation of VMechanical Properties of Aerovspace Vieterials testing ity tuel supply and heat ! 1 1.2.1 myg
; Structural Materials in Hvdrogen Environments; and interpretation. exchanger/gas:fier : 1.2.6
300°F to 1500°F With Extension to Higher Tempera~ for all types of fi,- 1.3
E tures 1f Required. burning gas turbines, [ 140
: Properties: tensile, notched tensile, high- and hypersonie aireraft, I 2 1.1
B low-cycle fatigue, fracture toughness (where and rocket engines. 3.,1.1
k= applicable) crack growth, deiayed failure, H, H, expansion turbines 1 1.3.1 Hig!
4 creep. for aircraft and 3.1.1
- Vaterials: Al-alloys, stainless steels, nickel- rocket fuei pumps. |
e and cobalt-base alloys, (b-.alloys, brazing H, Stirling cycle I 6,.3.1 Mods
_, alloys, Ti-alloys, Si,N;, SiC, advanced compo- engines.
3 sites, polymers.
N; Variables: t.emperaturc,li2 pressutre, contarminaats,
3 exposure time, strain rate, stress level,
A stress intensity, material composition and !
microgtructure, weldsg. i i N —
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Table IX-1
PROGRAM A: EFFECTS OF H, ON MATERIALS
Reference to
Relates to: Section VIII
Table Relevance
Problem Area No. ftem No. to bob Priority Remarks
Fuel supply and heat 1 1.2.1 High 1, 2 Continuation and extension of existing programs. See Vol, 1
exchanger/gasifier 1.3.1 Section 1II for review of current status, and Vol. 2, Tables
for all types of H,- 1.1.1 Iv-2, 1v-3. Priority 1 for hypersonic aircraft,
burning gas turbines, 2.1.1 space vehicles; priority 2 for H,- burning supersonic and
hypersonic aircraft subsonic aircraft.
and rocket engines.
H, expansion turbines 1 1.3.1 High 1, 3 Necessary data for safe engine operation. Priority 1 for
for ajrcraft and rocket engine {uel pump dvive turbines. Priority 3 for H,
rocket fuel pumps. expansion aircrait engines.
H,-cooled turbine 1 1.2.6 \Vloderate S5 Long-term engine development.
components.
Stiriing Cycle 1 6.3.1 Moderate | Uncertin | Depends on DoD vehicle and small engune policy. High
engines. industry interest.
Compressor com= 2 4.1.1 Low 5 Likely to be industry activity, but may become of higher DoD
ponents. relevance and priority if energy depot concepts pursued.
Pressure vessels. 3 3.1.1 High 1 Needed to establish safety standards.
-1 2.2.1
2.3.1
Aircraft and space 3 4.6.2 High i, 2 Priority 1 for hypersonic aircraft, space vehicles;
vehicle fuel tanks, 4 6.1.1 priority 2 for H,-burning supersonic and subsonic aircraft
air tanker. engines.
Fuoel supply and heat 1 i.2.1 High 1, 2 Priority 1 for hypersonic aircraft, space vehicles;
exchanger/gas:fier 1.2.6 priority 2 for Hy~burning supersonic and subsonic ajrcraft
for all types of H,- 1.3.1 engines.
burning gas turbines, 1.4.1
hyperson:c aircraft, ! 2.1.1
and rocket engines. E 3.1.1
H, expansion turbines 1 F>1.3.1 [ Hiigh 1, 3 Necessary data for safe eag.ne operation. Priority 1 for
for aircraft and ¢ 3.1.1 | rocket engine fue! pump drive iurbines, priority 3 for H,
rocket fuel pumps. i expansion airrcraft engines.
Stirlaing cycle 1 6.3.1 Moderase | Uncertain! Relevance and priority depend on DoD vehicle and small
engines. erngire policy. High industry interest.
i
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Table IX~1 (Continued)

PROGFAM A: EFFECTS OF H, ON MATERIAL.

eference to
Relates to: ection VIII
5
§ Project 5 Activity Table R
?Ef; "o, ! e ____ _Project Description Type Fuel Problem Area No. Item No.
Al
§ -3 Hydrogan env .onweat Effects on General Engines, .ug Materials testing i, Fuel supply systems 1 1.1.1 N
3 uatcmal_xi, -00°t to +160°F with extension to biy.er and interpretation. for industrial com- 5.1.1
temperatures for somg applications. mercial, and residen- 6.1.1
3 i _Pr_ox_)e__r_t_igg: tensile, notched tensile, high- and tial equipment, I.C. 6.2.1
9 H row-cycle fatigue, fracture toughness, crack and E.C. engines, 7.1.1
3 grovth, delayed failure. H, Process and ancillary i 2 2.5.2 | Lo
_V Mater:-ls: low-and medium-strength steels, plastics, equipment. 3.1.1
* renforced plastics, fiber-reinforced cements. 4.1.1
5 Variables: temperature,H, pressure, contaminants, 3.1.1
exposure time, strain rate. stress level, 5.1.3
stress i.tensity, material composition and 5.1.4
= micrestructure, welds. 4 3.5.2
g H, | Materials of existing | 3 1.1.1 | In
3 pipelines.
Z Steels for new pipe- 3 2.1.1 In
3 lines,
3 H, Candidate nonmetallic 3 2.1.4 In
S pipeline materials.
3 H, | Hydride containers. 3 4.8.1 | Mo
H, Large and small pres- | 3 3.1.1 Mo
4 sure vessels (metal). | 4 2.1.1
1 2.2.1
3 H, Large and small pres- 4 2.3.1 Mo
sure vessels and 4.1.1
tanks (reinforced
plastics).
A4 Hydrogen Permeability Studies: Materials research H, (a) Stirling eycle 1 6.3.2 Mo
(a) Of high temperature alloys and permeation- and development. engines. 6.3.3
resistant coatings up to 1500°F and 5000 psi.
(b) Of coatings of Cd, Pb, Sn, glasses etc. at H, : (b) Transportation 3 2.1.3 | L»
~60°F to -160°F and 1000 to 3000-psi H,. and storage of 4 2.1.3
H, gas.
A-6 Role of Surfaces in Adsorption and Dissvciation of Fundamental H, | Use of H, in existing | 3 1.1.3 | Lo
Mro_zqﬂ- research. i pipelines.
Study of the effects of surface oxides, sulphides |
and other comtaminant films on the mechanisms of
hydrogen entry into metals.
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Table

IX-1 (Continued)

st R,

3 PROGRAM A: EFFECTS Or H, ON MATERIALS
-
5 eference to
A Relates to: ection VIII
jctivity Table Relevance
éjype Fuel Problem Area No. Item No. to Dob Priority Remarks
§1lls testing H, Fuel supply systems 1 1.1.1 Moderate 4 Adequate materials can probably be selected for most case
!gterpretation. for industrial com- 5.1.1 on the basis of available knowledge.
= mercial, and residen- 6.1.1
tial equipment, I1.C. 6.2.1
and E.C. engines. 7.1.1
H, Process and ancillary 2 2.5.2 Low 3 Materials for some process equipment may require testing
equipment. 3.1.1 at tempera‘ures above 160°F or below -60°F. In most case
4,1.1 adequate materials can be selected orn the bases of ‘vaila
5.1.1 knowledge.
5.1.3
5.1.4
4 3.5.2
H, Materials of existing | 3 1.1.1 Indirect 1 Indirectly relevant to DoD, but very important to the
pipelines. general introduction of H, fuel system,
H, Steels for new pipe- 3 2.1.1 Indirect 1 Indirectly relevent to DoD, but very important to the
lines. general introduction of M, fuel system.
H, Candidate nonmetallic 3 2.1.4 Indirect 4 Long-term pipeline development.
pipeline materials.
M, Hydride containers. 3 4.8.1 Moderate 4 Adequate materials can probably be selected on the basis
of available knowledgo.
H, Large and small pres- 3 3.1.1 Moderate 2 Higher strength materials will need careful screening for
3 sure vessels (metal), 4 2.1.1 use at high pressures. Needed to establish safety
3 2.2.1 standards.
3 H, Large and small pres- 4 2.3.1 Moderate 2, 4 Priority 2 for small high-pressure containers for DoD neec
5 sure vessels and 4,1.1 (will be relevant to other gases). Priority 4 for large
3 tanks (reinforced industrial vessels. Latter will probably be done by
plastics). industry.
H, (a) Stirling cycle 1 6.3.2 Moderate | Uncertain| Depends on DoD vehicle and small engine policy. High
engines. 6.3.3 industry interest.
H, | (b) Transportation 3 2.1.3 | Low 4 Exploratory study only. If successful, study shkould be
! and storage of 4 2.1.3 expanded and priority raised.
H, gas.
H, ! Use of H, in existing | 3 1.1.3 | Low 1 Previous studies of H, entry into metxls have used clean
! pipelines, (or nominally clean) surfaces. In order to obtain results
! relevant to practical systems, it is necessary to obtain
i an understanding of the effects of surface films on i,
! adsorption, dissociation and absorption. Th:s work is
% particularly applicable to the use of H, in existing pipe-
H lines but would obviously have wide general applicability
' and amportance.
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Table IX~1 (Concluded)

PROGRAM A: BFFECIS "F Hy, ON MATERIALS

Reference to
Relates to: Section VIII
Project Activity Table Re
No. Project Description Type Fuel Problem Araa NO . Item No. _
A-6 Metal Hydride ftudies Materials research |H, Medijum-scale and 4 7.1.3 Mo
(a) Studies of H, adsorption and desorption kinetics and development ., small-siLale storage 7.1.4
for candidite new alloying systems and modifica- of H,. 7.1.5
tions ~_ existing systems, 7.1.6
(b) Studies of cycle life of H, storage beds as a
function of: rates and depth of discharge;
design, structure and condition of bed; con-
taminants 1n the H,.
A-7 Full-Scale Testing of Pipes with Hydrogen Full-scale mater- H, (a) Safety of pipe-~ 3 1.1.2 In
i (a) Sections of new and used pipes (including girth 1als engineering line transpor-
! , welds), typical of existing pipelines, APl 5LX testing and inter- tation of H,
g Grades 42 to 70,pressurized with pure and con- pretation. in existing
| taminated H, at temperatures and pressures (both pipelines.
1 steady and fluctuating) corresponding to the most
; severe gervice or line-test conditions., Detailed
examination and comparison of pipe and weld
materials before and after H, exposure.
(b) Extension of test serres to candidate new high H, (b) Specification of 3 2.1.1 In
strength pipe materials. new pipelines for
H, use.
A-8 General Materials buppurt to Engineering Develop- Materials testing H, Fuel supply systems. 1 1.1 2 Va
{ ment ind Component Testing Programs. and evaluation; 1.2.1
i Testing of equipment,components, required to operate special materials 1.3.1
1n H, environments under actual or simulated con- development. 2.1.1
ditions corresponding to most severe service. 3.1.1
Examination of exposed and failed components. 1.1.1
Materials selection and ceonsultation. Specialized 5.1.1
materials development programs. 5.2.1
5.2.2
6.1.1
! 6.2.1
! 7.1.1
7.3.1
8.11.2
H, | Other H, using 1 1.3.1 Va
i equipment. 2.1.1
i 3.1.1
H 6.3.1
! H, Process equipmrent. 2 2.3.2 Va
' 2.5.2
3.1.1
4.1.1
5.1.1
5.1.4
i, Transportation 3 2,2,1 Va
systeas. 4,7.1
1.8.13
Hy Storage systems. 4 1.2.1 ¥a
3.5.1
3.5.2
9.1.1
7.1.1
7.1.2
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Table IX-1 (Concluded)

PROGRAM As EFFECTS OF Hy ON MATERIALS

Rofereonce to
Relates to: Section VIII
Table Relevance
Fuel Problem Area No. Item No. to DoD| Priority Remarks
H, Medium-scale and 4 7.1.3 Moderate 2 Appizcable to utility peak shaving requirements and the
small-scale storage 7.1.4 on~board storage of H, for vehicles. Continuation and
of H,. 7.1.5 extension of existing programs. Level of effort should
7.1.6 depend on outcome of techaoeconomic and prototype Studies
(1tems 7.1.1 and 7.1.2 .n Table VIII-4).
i
H, (a) Safety of pipe- 3 1.1.2 Indirect 1 ! Fuil-scale pipe testing under practical operating con-
line transpor- dizions is needed in addition to materials testing
tation of Hy ! (Project A-3) determine safety of existing pipelines
in existing i for use with H,.
pipelines. L
|
|
H, {b) Specrification of 3 2.1.1 Indirect 1 Required 1f new pipelines are to be qualified for H, use.
new papelines for
Hy use. : ) .
—4 I
H, Fuel suppiy systems. 1 1.1.2 Variable | variable In all programs concerned with the development of engi~
i 1.2.1 neering or manuifacturing systems using, producing, trans-
. 1.3.1 portang, ar stering hydrogen, 1t is imperative that ade-
| 2.1.1 quitiec matermals expertise 1s available to and used by the
. 1 3.1.1 i enguneering staft in order to ensure that costly errors in |
i f ara materials sel(oTion ana use will not imperil the safety .
5.1.1 | or reliability vi the equipment. |
5.2.1
5,2,2
6.1.1
6.2.1
7.1.1
7.3.1
8.11.2
H, | Other H, using 1 1.3.1 Variable {variable | As above.
equipment, 2.1.1 i
3.1.1 i
6.3.1 |
H, Process equipment, 2 2.3.2 Variable | Variable As above,
2.5.2
3.1.1
4.1.1
5.1.1
5.1.4
H, Transportat:on 3 2,2.1 Variable | variable As above,
systems. 4.7.1
4.8,13
H, Storasge systems. 4 1.2.1 variable | Vartable | Ag above.
3.3.1
3.5.2
5.1.1
7.1.1
7.1.2
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Table IX~2
PROGRAY B: EFFECTS OF HYDROGEN CARRIERS AND PART HLLY OXYGERATED COMPM
! i Refercnce to
i Section ¥Ill
Project: Activity Relates to: _fTable ECY
NO. i Project Description Type Fuel Problem Area No Item No ¢
! .
B-1 | Stress Corrosion Cracking of Steels in Liquid Ammonia. |
: (a) Establish the limits of the phenoumenon ¥1.h respectf fas1c research, Nil, Fuel supply systems | 1 1.5 1 L
. ' to stee! composition and microstructure; stress +ior NH,-fueled ;
' level and type of stressing; contaminant type aad | ejquipment .
concentration, ] L o
{b) Long-term delayed fatigue and fatigue tests ot "Mater:ials testuag NHy M, (ran po:ztation : 3 1.2 Un¢
presently used and cand.date materials for Ni, and ,aterpreta- | 1.2.3
pipelines, sturage tanks and fuel supply systems tyon. . i 2 3.1 |
! as a function of contaminants; steel typve compo- | 421 |
sition and heat treatment; stress level; stress ' : i 4.2.2 ;
intensity; temperature; NH, pressure. . NH, NI, storage, P2 Y515 ! [ R
i i o4 3.6,2
o ; ' ! 3.6.3 |
' g ‘

B-2 full-Scale lTesting of Pipes with Liquid Ammonia ! i | : i

(a) Testing of sectivns of new and used pipe including ruli-scale ' NHy ,fa) Safety of pipe- 3 1.2.2 ! Lov
givth welds, API SLX Giades 42 to 70, pressur: wud aterials eng:- ! . iine iransporta- f i
! with pure and contaminated NH; at temperatures and ngering tasting | Tion of liquid ! l i
! pressures (both steady and fluctuating) corre- and ;nterpreta- | ! ¥H, in existing i ! i
sponding to the most severe service or ine- tion i pipelines. . '

test conditions. " s\#; (br Specafication of | 3 2.3.: U v

(b) Extension of test series to candidate uew nigh ! pipe’ ines, trans-' f 4,2.2 ! uns
strength pipe materials; and transportation or ! portation and "4 ! 3.6.3 i
storage tank materials. ) storage tanks fur% i i
| , 1:quid—NH, use. , ;
1 i ; *

B-3 Hydraczine Compatibility Studies. g :
Development and testing cf %“ighly inert materials or wterials uevelop- | ML on, term serage + 5.3.1 | vod
coatings for storage of hydrazine tor periods up to ment and testing | = hydrazine TG
10 years. Long-term compatibility of elastomeric chemical wiudios, | ,
materials for seals, expulsion bladders, diaphragms design, . !
and hoses. o e o N

H 13 1 o~

B-4 ‘ Carpon Monoxide/Vetal Interactions at High Pressures. ; !

© Tensile,notched tensile. and fatigue tests of new and sateriais testi-. T Materials .t exystingd 3 Aadaa LOW
| used pipeline steels after long-term exposure to high- and interpre® a- "prpel:ines

' pressure pure and contaminated CO to establish if any tion

i_deterioration of their mechanical properties occurs. i i !




Table 1X~2

FECTS OF HYDROGEX CARRIERS AND PARTIALLY OXYGENATED COMPUUAUS ON MATERIALS

e S

Reference tou
Section VII1

lpxpelxnes.

w

projected. Work should be eztended tc new pipeline
'materxa}s if any detericiatiun of properties of existing
{ pipeline steels is discovered.

Relates to: Table felevrence
Fuel Problem Area No 1tem No to Dob Priority Rerarks
NH, tuel supply systems 1 1.5.1 Uncertarn 5 Relevance to DoD depends on decisions concerning energy
for NH;-fueled depot concept and choice of fuel, Priority would be
equipment . raised 1f NH, selected for DoD use or as general civilian
i _ fuel .
NH, 'NHS transportation, 3 1.2.1 Uncertain 1 Existing unsolved problems of importance to DoT and
1.2.3 tndustry.
2.3.1 Will be important for any general use of NH; as a fuel.
1.2,
4.2,
NH, NH, storage, 2 5.1.5 Ui certain 4 Priv. tv would be raised if higher strength steels were
| 4 3.€.2 needed . - storage vessels.
1 3.6.3
T [
; i
E NH {a) Safety of pipe- 3 122 Low 3 | Also needed to assure safety of NH, pipelines for nonfuel
! line transporta- %uses, and set maximum operating conditions. Priority
H ! tion of liquid based onn tixs aeed.
; : NHs in existing
i i pipelines.
i NH é(b) Specificaticn of 3 2.2.1 Low or 3 Cholce of materials will depend on results from project B-1
i pipelines, trans- 4.2.2 uncertain
' portation and % 4 3.6.3
storage tanks for!
liquid~NH, use. ' ]
3,011 Long term storage E 4 5.3.1 Moderate |Lncertain | Compatibility cf mater.:ls with hydrazine is more limited
«of hydrazine. | to high ny eifects of materjais on the decomposition of hydrazine
! than by the effects of h-drazine on the materials.
|
| !
! '
| |
: ; i
€O |{Materials of existing! 3 1.3.1 Low ! Priority »ill increase 1f genera) use of CO fuel is
, i
2 |
|
|
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Table IX-3
PROGRAM C: EFFECTS OF OXYGEN (BY-PRODUCT) ON MATERIA
Reference to
Section VIII
roject Activity Relaies to Table Rel
Eo Project Description Type Juel Problem Area No, Item No. tc
IC~1 Mechanical Properties of Metals in High-Pressure Oxygen.
Studies of the effects of loug-term exposure of metals |Materials research.| 0, Oxygen pipelines and 3 2.4.2 Mot
to high~-pressure pure and contaminated 0, on their storage vessels, to
wechanical behavior and surface condition. Mechanical
tests should include crack-growth rates and high- and
low-cycle fatigue.
IC~2 Ignition Hazards in Oxygen Pipelines,
Determination of ignition hazards for pipeline steels Materials engi- 0, Safety of oxygen 3 2.4.1 Moc
in actual or simulated pipe configurations and con- neering,testing pipelines and 8.2.1 to
taining surface cracks or flaws, when subjected to high |and evaluation. storage vessels,
gtress rates, impact, or fatigue in the presence of
high-pressure.pure or contaminated O,.
C-3 Materials Support for Engineering Studies,
Supporting studies of materials aspects of engineering Materials con- 0, Feasibility of large- 1 1.4.2 Mod
and system design, hazard analysis, economic analysis. sultation, scale O, transporta- 3 2.4.3 low
tion, 2.5.1
4 8.2.3
8.3.1
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Table IX-3

PROGRAM C: EFFECTS OF OXYGEN (BY-PRODUCT) ON MATERIALS
Reference to
Section VIII
Relates to Table Relevance
Fuel Problem Area No. Item No.l to DoD Priority Remarks
%;
Es research.| 0, Oxygen pipelines and 3 2.4,2 Moderate 3 Apparent lack of fundamental knowledge concerning possible
3 storage vessels, to low effects of long-term exposure of metals to high-pressure
oxygen. Rulevant to existing as well as projected oxygen
b usage. Priority based on existing and future usage.
<
B8 engi~ 0, Safety of oxygen 3 2.4.1 Moderate 3 Needed to confirm safety of O, transportation aad storage
Istesting pipelines and 8.2.1 to low systems. Relevant to existing as well as projected oxygen
9ation. storage vessels, usage. Priority based on existing and future usage.

0, Feasibiliiy of large-| 1 1.4.2 Moderate to| 2 Large~scale 0, pipeline and storage system might be an
scale O, transporta- 3 2.4.3 low important aspect of the overall hyarogen economy. An
tion,. 2,5.1 early technical and economic judgement on this question

4 8.2.3 is desirable. See Table IX-10, Program K, Project K-2.
8.3.1
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Table I1X-4

PROGRAM D: HIGH-TEMPERATURE MATERIALS STU

Reference t
Section VIII
Project Activity Relates togs Table
INo. Project Description Type Fuel Problem Area No. Item N
g D-1 Reactions of Water Vapor with Metals and Ceramics at
1% High Temperatures
. Fundamental kinetic studies of reactions of high Basic research. H, | High-temperature com- 1 1.2.3
ke H,O-content environments with candidate gas ponients of gas tur- 1.4.3
3 turbine materials, including Si,N,, SiC, Cb alloys, binns, scramjets, 2.1.1
and oxidation-resistant coatings. MHD systems. 4.1.1
A
s [D-2 Creep,Fatigue and Oxidation Resistance of High-
f Temperature Materials in Hydrogen Combustion
3 Gases
Determination of high temperature mechanical and Materials testing H, High- temperature com- 1 1.2.4
environmental endurance of present and candidate and evaluation. ponents of gas tur- 1.4.3
future gas turbine materials in actu-~l or simulated bines, scramjets, 2.1.1
H,/air and H,/0, combustion gases. Ma erials to be MHD systems, 4.1.1
tested should include Ni- and Co-base superalloys,
Cb.alloys, dispersion.strengthened alloys, pro-
t2ctive coatings, Si3N4 and SiC.
[D-3 Erosjon-Corrosion of High-Temperature Materials
in High-Velocity, High-Temperature Water
Simulation and investigation of combined effects of Materials testing H, Watercooled high-tem- 1 1,2.8
erosion and oxidation/corrosion expected if higa- and evaluaation. perature gas turbine 1.4.3
velucity water is passed thromgh cooling channele or H,/0, combustion 3.1.2
in gas turbine combustors, vanes or blades, or components.
other H,/air or H,/0, combustion systems.
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Table IX-4

HIGH-TEMPERATURE MATERIALS SYTUDIES

Relates tos

Reference to
Section VI1I

Problem Area

Relevance
to DoD

Priority

Remarks

Hiigh-temperature com-
ponents of gas tur-
bines, scramjets,
MHD systems.

High

Basic informstion needed for use of L, @8 & gas turbise
fuel. High temperature H,0 reaction with S{,N, and SiC
likely to be important for prasent studies concerned
with use of these materials in large and small turbines,
Basic studies will guide further mnaterials and coating
development.

High-temperature com-
ponents of gas tur-
bines, scramjets,
MHD systems.

e

Hign

Informztion needed for use of i, as an sircraft fuel.
Project entails expausior of existing gas turbine
materials R, D, and T programs tc include modified
environment due to the change of fuel frow hydrocarbons

to H,.

Watercooled high-tem~
perature gac turbine
or H,/0, cambustion
components.

Nee¢ for project depends mainly on demonstration of the
engineeriug fzasibility of «xtes cooling for hot com-
ponents of stationery or maring R,/air er u,/o, gAs
turbines. Lo.g~1ifc nozzles for H,/0, rocket enginaso
zay have related erosisn~corrosson probiers, bt
endurance requiced is very differept.
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Tablo IX-5

PROGRAN E: NRATERIALS FOR SERVICE AT CFYOGENIC TEMPE
M ) Reference to
Section Vil
Project .1;;;;115' Reletes vo Tabie
No. Project Description Fues Problan Ares Ne, Iter RO,
NOTE Projects A-1 and A-2 include the measurement oi the
nechanical propertiies of naterials in H, envirommenis
at temperatures dowu to -423°F. At this teaperature,
the effoct of H, environsanis on the mechanical belavior
of materials is iikely to be less important thzn the
influence >f teaporature, The losteaperature data from
Projects A~) and A~Z will therefore contribute to
Progran E.
ﬁs-l Properties of Matorials ay Cryogenic Temperatures
Teteraination of physical and mechanical propertivs of |[Physical and H, [Lignid U, pipalines, 2 4.1.1
metallic, polymeric and composite materials at cryogenicimechanical Liquidjtransport and 4.1.3
temperatures as required to support: testing and storage vessels, 2 2,2.1
* Bngineoring design and development of H, liquefaction |iaterpretation. transfer and 4,6,2
equipment, liquid H, pipelines, transportation and delivery systeuws. 4,7.1
storage vessels, and transfer and delivery systems. 4 S.3.2
¢ ¥aterials development of low-expansjion composites. 3.3.3
+ ¥aterjals/engineering development of insulating 3.4.1
materials. 3.5.%
6.1.1
6.1.2
6.1.3
6.1.4
6.2.1
£.3.1
§.4.1
E-2 Development of Low-Expansion, High-Strength, Light-
Weight Conposites for Ligquid Hydrogen Fual Tanks and
Transior Piging
Duevelopment of polymeric composite materials and Materials K. [Aircraft and ather s 4.6,2
structures using selected controlled orientations of developnment. Liquid|lightweight liquic
graphite or advanced organic fibers to prov-de hydrogen tarhs and
low or zero expanston coefficients and low tnermal piping.
conGutivity in high-strength, stiff, light struc-
Tuies. ¢
] ; Davelcprent of Improved Cryogenic Insvlaticn
3 l.\uter’xels and Jyscous
5 i Matertale cevalopment supdort to engineering develop- Materials Hy
2 ment of improvad interna: and external irguiating for davelopment . Liquig|(a) bulk or transpor-} 3 4.3,1
43 () Inpzaved ro¥-u3st inculat.on 3ystens for Lulk tation storage of , 4 3.5.3
i liguid & storage sysiz2es. Hy 1iquid. —
k- ibi fusulliion systems For cireraft nnd space vehicle {b) Ajreraft ang 1 6.2.1
fo {e¢ hydrojen tanks adle te iunction with hot- sprce vehicle 6.3.1
b h face temparsturcs or 180°F, 350°F and 650°F. liguia B, fuel 6.4.1
= : i tanks. o

t
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Table 1X-5

PROGRAM §: NATERIALS FOR SERVICE AT CRIOGENIC TEMPERATURES

Reference to
| Section VI{I !
3 Relatey 102 To.5le | Refevance
Fusl Problen Area No. Itrs Jou 1 to Dol Pririty Romuzie
! {
|
t
Hy, {Liguid ¥, pupelinss, Z 4.1, Moderate | Varzable | Work related to aireraft laiyuid H, fuel tank suterials
Liquiditransport and 4.1.3 to high is >f ipecial concaon to Do and high priority (Items i-
storage vessols, 3 2.2.1 6.%.1 thringh £.4.1).
transter and ; 4.6,2
delivery systems. I 1.7.1
4 | 3.35.2
2 3.5:3
3.4.1
5.8.1
t f 6.2.1 !
i 6.1.2
5.1,0
Cc.1.4
8.2.1 l
i 5.3.1
‘f —— e ] 6.4.1 e l
, |
Hy JArperaft a4 other 3 4.6,2 Bign 2 {i%ely to be relatively higl~cost materiels. Low-
Lequidiliphruveight liguid axpansion cryogenic tank sate.lils reducd chill-down
aY troge iarks antd strosses in tanks rud Asssciated siructures. See
tpiping. alau Tabla IX-3, Projzct J-4{c).
oy
- !
§ !
Py,
Liquid}(a) Bulx 9> rianspor-| s 4.1.1 suterate 3 Relrvent to DoD storage o2 iiquid My Girveraft ‘uel.
tation rtorege of § 4 3.%.1
U, liquid. } —
(by Atccrart and Ty 8.2.1 lisgh 2 Insulation regniremcnts ire depondent on vehicle
space velicle ; 6.3,1 dugigh detailc,
liqaid o, fuel ! 6.4.1
1 tanzs. l .
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Tabla IX-6

PROGRAM ¥: MATERIALS FOR FUEL CELLS AND ELECTRCLYZE

Hoference to |
Section VIl
Acti ity Yolates to: Table [y
A Crojact Desceription Type Fues Problem Area Yo, Ites No, !
; Tmpraved Noble Meial Electrode Catnlysts,
Noble netzl electrocatalysts aith high acuivity and Materials and H, {a) Fuel cell eifi- 1 8.1.3 | H
Pstability al lower caialysts loadings for: earineering eiercy and cost. 8.2.1
i (a) Alkeline and acid fuel cel: cathodes. develepmeant.
{b) Solad polyresr clectroly.e elovtrolyzer electrodes. {b) SFE electro- 2 2.,2,2 | K
—— iyzers.
Nonnoble Mutal Electrode Tatalysts, !
i Nonnoble meta: catalysts with aigh activity and Matorials and He {a) Fuel veil cffi~ 1 8.1.1 {Hi4
hagh chemical aud phivsiral stability st .- 13C°C for: engineering ciency and cost. 8.1.2
{(a) Atnaiine ana acia fuel cell cathodes and/or development .’ 8.2.2
anody»s: and alkal ne eleciralyze= elcetvodes, 2.1.6
{b) Molten carbonate fuei cell rlectrodes. (L) mMolten carbonate 1 8.3.1 | L
fuel cell 1life,
_(e) Golig polvmnr eizctmolyte electrelyzer electrodes. fc) SPE electrolyzers. 2 2.2.2 | Hi
! goeml Elevtrocatalyst Stuites.
| (a) Fuudamental studies of the mechanism of elec~ Basic raseatrch and [Various ;(a) Eler rocutulystis. 1 8.11.3 | Hi
trocatalysis. screening s*udies.
{b) Measurement of single eiectrode characteristics
of candidate clectrocatalyst materials. {(h) Electrccatalyst 1 8.11.4 | Hi
. selection.
{ Special Purpose Slect-ocatalysts,
(a) Higher 1tctivity anode calalyst and selective Catalyst Metn- i(a) Direct mcthancl 1 8.5.1
cuthode catalyst for direct methanot fuel cells, developnent. anol L fuel collw, 8.5.4
(2) Electronatalvsts .hat would pesmit the direct e £rectrolytic 2 8.5.1
electrolytic production of methanol, production of
[ . we’ 1anol,
L) 3electare anode and cathode catalysts to seduce Hydra~ [{c)} Hydrazine fuel 1 8.7.1 | Mo
parasitic reactions ir hydrazine >l celss. zing cells, 8.7.3
{d) Ele~trocatalysts for regenerutive fuel cells that B, {d) Repenerative
are fneengilive tu potential cyeling, H, /G, fue} ceils. 1 8.10.1
(e) Ancde catalysts with inproved long-term activaty NH, {(o) Direct NE, Juel 1 8.8.1
. _lor dirgct ammoenia {uel cells. e crlls,
i Eloctrode 'aterials awe 3iructurc Development.
(3} maroved hsdrorhonic nolywer bonding materials for | Materials and Hy 1(a) Alka)ine fuel 1 8,1.4 jHi
alxaline fusl ceirls tor service » 150°C, engincering cell electrodes.
(h! Improved gaz~digfusion electrode mcructurcs with development . {b) aikalino fuol 1 8.1.6 1Mo
: contyolled porosity for ailkaline fuul cells, cell electrodes.
1 {c) Migh suvizce area clectrodes for alkaline elec- {¢) Arkaline electro- 2 Z.1.5 | YW
traties, ! 1yzers. ]
1) Coramics that can ecntrol wetting anple in molten 1(d) Molten carbanate | 1 2.3.2 jlo
carbonate fucl rellis. fuel cells,
f {o) Materials that can control wetting angle in direct Meth- [(e) Methanel fuel 1 8§.5.3 | Yo
acthano] fuel cells, anol cells. -
(1) eal functicha electrode structures of dunl clee- H, {1) Ropanorativc 1 £.10.2 | %o
trode structures f{otr reponerative fiel cells. } fuel cells. 5.10.3 .
ti) Electrode saterialy and conduciors with improved (g) Actd arnd alkeline 2 211 { o
corrusjon resiatance. o J efectrolyzers. i 2.4.1
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Table 1X-6

PROGRAM ¥: MATERIAYS FOR FUEL CELLS AND BLUCTRoLYZERS

Reference to
Section VIIL
Rolites to: Taole Relevance
Fuel Problem Area No. Ivef Xo» ‘{ to Dol Priority Remarks
H, (a) Fuel cell effi- 1 3.1.3 | High 2 Lower noble metal loadings needed to reduce cost and
ciency and cost, 8.231 cesource avzilability. Dob may be able to accept high
loaaings for critical applications.
(b} SPE elzctro- 2 2.2.2 Tugh ) As adove.
lyzers.
H, (a) Fuel cell effi- 1 8.1 High 1 Ffftcient nonnoble metal electrode systems are needed tc¢
ciency and cost., 3.1.2 reduce cost,
8.2.2
2.1.6
{b) Molten carbonate 1 8.3,1 lLow 4 \lost readily applicable to fossil ilel refon.ates.
fuel cell life,
{¢) SPE electrolyzers. 2 2.2,2 {Yigh 1 Nonnoble metal catalysts needed to reduce cost.
search and J\'arious (a) Electrocatalysis. 1 8.11,3 | iiigh 2 Long-range basic studies necessary to provide sound fund
studies. meatal basic for theoretical understanding aud future
advances in fuel cell and electrolyzer technology.
(b) Electrocatalyst 1 8.11,4 | High 1 Provide essential basis for empirical selection of can-
selection, didate electrocatalysts.
Meth~ {(a) Direct methanol 1 8.5.1 |Mederate 3 Methanol fuels cells would be of greater importance to
anol fuel cells. ] 8.5.4 | DoD it methanol were adopted 8s u general vehicle fuel.
(b) Eiectrolytic 2 8.5.)1 Moderate 4 Conceptual process, Exploratory study may be worthwhile
production of
mathanol.
ydra- i(c) Hydrazine fuel 1 8.7.1 |Moderate 2 would improve efficiencies of hydrazine fuel cells.
zine cells. 8.7.3
H, {(d) Regenerative
H,/0, fuel cells. 1 8.10,1 | Moderate 2 Regenerative fuel cells offer possible electric power
- s{orage system.
NH; [(e) Direct NH, fuel 1 8.8.1 |Low 4 Relevance to DoD and priority could increase if energy
cells. depot concept with NH, fuel was dcveloped.
#y, |(a) Alkaline fuel 1 8.1.4 |High 1 Highker temperature operation would increase efficiency.
cell electrodes.
(b) Alkaline fuel 1 8.1,5 |[Moderate 2 Alternatives to polymer bonded structures in (a) above.
cell electrodes.
{c) Alkaline electro- 2 2.1.5 |vnderate 3 ¥ould reduce electrode overpotentials,
lyzers. .
(d) olten carbonate 1 8.3~ |low 4 Equivalent of hydrophobic electrode structures used in
fusl cells. — . alkaline fuel cells.
Neth- [(e) Methanol fuel 1 8 5.3 soderate 3 Necded to control methanol cross~over problea.
anol cells.
—— et
H, [(f) Regonerative 1 8.10,2 | Moderate 2 Alternative to electrocatalysts that are insensitive to
fuel cells. 8.10.3 potontial cycling, Project F-4(d).
(g) Acid and alkaline 2 2.1 |tow 4 Longer life electrode structures,
glectrolyzars. 2.4.]
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PROGRAM F¥':

Table 1X-6 (Concluded)

MATERIALS FOR FUEL CELLS 4ND ELECTROLY

—

Relates tos

Reference to
Sectic: VIII |

Activity Tab.e
Project Description Type Fuel[ — Prublem Ares No. Iten No,

Improved Matrix {Diaphragm)} Matesi»:s,

(a) Low-cost, compact, high-conduclivity matrix Materials and H, (3) antrix matesials 1 8.2.6
materials for alkaline fuel cells and engineering 1or higher fenw 2 2.1.2
electrolyzers, able tn operate above 15C° T, dyvelopment., peraturcs in ?.14

alheline wlec-
. trolyzers,

(b) Ilmproved ion-exclhange membranus for alkaline (b) Matrix eysteus for b 8.1.7

and acid fuel cells. fuel colls and
electrolyzers. -

(c) Ceramic matrix materials with contrnlled (c> Molten carbonate 1 £.33
porosity and improved resistance to thermal fuel cells. ]
cycling vor mclten carbonate fuel cells.

{d) Matrix materisis impervious to methanol. Meth- | (d) Matharos fuel 1 8.5.2

anol czlis -

(e) Xatrix materials impervious to hydraziras. L;drqa (e) Hydrazizs fuel i 3.7.2

L ine cells. _—

{f) Thin, stable, high-conductivity macrix materials Hy | (£} Inorgenic solid i 8.4.1

for incrganic electrolyte fuvel cells. elxctvelyte fuel
H cells, ’

Ion~Conducting Pruperties of Solids.

(a) Inorganic solids with ion-conducting properties BasiQ research ! K, {(a) Inorganic solid 1 8.4,2
at moderate temperatures. and materials E olectrolyte fuel 2 2.3

developsent, . rolls and elec~
trolyzers. I

(b) Low-cost, solid polymer electrolytes with (b} SPY electrolyzers 2 2.2.1
aigher temperature capability, high tonic
conductivity, good nechanical and caemical
stability.

Other Materials oi “onstruction.

(a) Cell materials with matching cvefficieuts of Materixls and 8, 1(a) Migh opers:iing 1 3.4.1
expansion, seals, elgctrical contact materials engineering tespervature., é 2,3.2
for inorganic solid cluctrolyte fuel cells and davelopment.
electrolyzers,

(b} Higher temperature, lce-cost frame materials for (%) Alkaline elec- 2 2.1.3
alkaline electrolyzers, awd low-rost rothods of trolyzers.
fabricstion.
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Tabie IX~-6 (Concluded.

NATERJALS FOR FUZL CELLS AND ELECTROLYVZERS

e e
Hexerence *-
Section VIIX
~ JRelates tos  _ __f apie Relaveace
P_I-‘uell Problem Arca Neoo Iten Jo.d tu DoD Priority Remarks

H, [{a) Marrix mptericis 1 8.1.6 | High 1 A key item in increasing the efficioncy of ilkaline fuel
for higier ‘om- 2 2.1,2 cells ana electrolyzers.
veruaturys i 2.14
alkaline elec~
troivzers.

(b) Natrix systews sor 1 8.1.7 | Modarate 3 An alternative (¢ slectrolyte-retuaning xairix materials
fuel ctolls and (a) shove.
electiolyzars.,
{c) oltea carbonate 3 8.33 Low 4 Presant materials have linited life.
- fuol cells.
Netb~]{(d) Methanol fuel 1 8.5.2 | Moderate 3 Would control methanol cross-cver.
_anol crlls., -
yira~{ta) Hydrazine fuel 1 §.7.2 | Molexate 3 Would control hydrazine cress-over.
f—i\”f caells, —

8, {{f; Inorganic solid 1 8.4.1 ! lLow 5 Lower temperature cells (See Project F~7(a)} would be

electrolyte fusl preferable.
- cells,

Hy; {{a) Inorganic solid 1 8.4.2 | Moderate 2 Breakthrough, analogous to discoveryof g-alumina, needed
elactrolyte frul 2 2.2.1 to reduce nperating tcmperatuse of inorganis solid
¢vlls and elec- electrolyve fuel cells and electralyzers.
trolyzers.

(b) SPE eilet.“f:rc.ﬂyzex's1 2 2.2.1 ! Modersce 1 Highey efficiency wund reduced cost SPE electrolyzers,
Hy |79) High opurating 1l 8.4.12 |Low 5 Lower tomperature systems gencrally preferred, Project
twmperature. 2 2.5.2 F=7(a) could increase the importance of inorganic solid
L clectrolyte systenms,
(b) Alkaline elec-— 2 2.1.8 i doderate 2 Presently used polysulpheres are limitad to 150°C,
trolyzers. Increases in electrolyzar temperatures (See Project F-2(al
and F~6(a)) would need corresponding improvements in
g — rame materials.
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Table IX-7

PROGRAM G: MATER1ALS FUR HIGH ENERGY DENSITY BATTER
Reference To
Rolates to: Section VIII
Project Activity Table ¥
N0, Project Dascription Type Fucl Problem Area No. Item No.
[:-1 Shape Change in Zinc Slectrodes,
Investigation of dendrite growth and methods tfor Basic matorials Zn All electrically 1 g.1.1 Hi
controlling it. research and rechargeable Zn 2.3.1
engineering batteries, 9.4.1
yevelopmont . _
Ion-Conducting Solids, :
(a) Optimization of 3-ziumina electrolyte composition Matericls Na {a) Electrolyte for 1] £.10.1 13
for Na/§ %“attery for improvad conductivity, ana research; ceramic Na/S hattery.
chemical, thermal and mechanical stability. nrocessing. —i—
(b) Search for new ion-conducting solids with good Various {(b) New battery 1 9.10.2 | K
conductivity at moderate tlumperature. systems. 9.i1.1
ic) Improved cation and anion exchange membranes. Varicus {{c) New hattery 1 $.11.1 {H1
systems.
Battory Elesctrode Cataiysts and Substrates.
(2) Dual function, or two separate catalystz for O, Catalyst develop- Zn Charge/discharge 1 ¢.,1,2 |HI
evolution and O, reduction. ment. efficiency of Zn/
air, Zn/0, batteries.
{b} More active Cl, ele~trode suustrate for %»/Cl, Materials Zn Polarization of C1, b 9.4.2 |k
battery. developpent. electrode.
Materials Compatibility wit.a Battery Environments. Materials Various |Battery design and 1 9,2.1 {V:
Matez ials support for the solution of battery design development construction. 9.5.1
and corstruction problens according to specifle and selection, 8,5.2
battery requirements. Includes: problems ¢f corro- 9.6.1
sion by C1,, molten salts, liquic metals, and 9.7.1
sulfur; materfals with matching expanfion ccatfficients; 9.7.2
miterials for ceses, seals, electrical fecdtiroughs, 9.7.3
current collecturs, electrjcal insulators, separacors, 9.7.4
etc; thernmal insulation; electrode and diaphragm 9,7.5
materials. 9.7.6
9.8.1
9.9.1
9.11.1
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PROGRAM G: MATERIALS FOR HIGH ENSRGY DENSITY BATTERIES
)
Reference To
Relates to: Section VIII
Etivity Table Relevance
n_%gpe Fuel Problem Area No. Item No. to DoD. Priorit Remarks
e
&
F{’.‘
h}terials Zn All electrically 1 9.1.1 |High 1 Future of Zn/air battery depends on solving shape-change
th and rechargeable Zn 9.3.1 problem in Zn electrode.
§ batteries. 9.4.1
Na {(a) Electrolyte for 1 9.10.1 } Moderate 2 Needed for improvement of efficiency and life of Na/S
Na/S battery. battery.,
Various [(b) New battery 1 9.10.2 | High 2 Cont’.nuation and extension of work in progress. This
systenms. 9.11.1 project is related to Project F-7 and might be combined
with it. .
Various [(c) Mew battery 1 9.11.1 | High 2 Continuation and extension of work in progress. This
systems. project is related to Project F-6(b), and might be con-
bined with it,
develop- an Charge/discharge 1 9.1.2 |High 2 Needed to impreve battery efficienc. and reduce catalyst
efficiency of Zn/ loadings.
air, Zn/0, batteries.
2n Polarization of Ci, 1 9.4.2 Moderate 3 Needed to improve power density.
electrode,
Various [Battery design and 1 g.2.1 Variable Variable| Materials requirements are gencrally specific to particu-
construction. 9.5.1 lar battery and materials. R, D, and T should generally
9.5.2 be undertaken as inte-vral part of battery programs,
9.6.1 rather than as independent, materials-oriented studies.
g.7.1
9.,7,2
9.7.3
9.7.4
9.7.5
9.7.6
9.8.1
92.9.1
9.11.1 i
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Table IX-8

PROGRAM H: CATALYSTS (FXCLUDIXG ELECTROCATALYS

Reference to
Relates to: Section VIII
Project Activity Table !
No. Project Description Type Fuel Problen Area No. Item No.
L-l Long=-Life Hydrazine Decomposition Catalyst
Fundamental studies to elucidate mechanism of deteriora-jCatalyst R and D, | Hydra- [Hydrazine rocket 1 3.2.1
tion or iridium catalysts and alumina substrate; zine engines, 3.2.2
development of improvaed, long-life, mixed-metal
catalyats.
H-2 Combusicn Catalysts,
(a) Fundamental studies of mechanism of the catalytic Catalyst R and D. H, (a) Catalytic combus- 1 7.2.1
oxidation of hydrogen, e.g., by transition metal tion of B, for
carbides. s ,ace and water
heating.
(b) Developmeat of low-cost, long-life H. oxidation (b) Catalyvtic combus- 1 7.2.1
catalysts that are resistant to poisoning by tion of H, for
contamiuants. space and water
heating.
(c) Developmsnt af iow-ccst, long-life, high-activity HH, (c) Catalytic combus- 1 7.4.1
catalyst for oxidation of NH, to N, + H,0 without tion of NH, for
formation of NOx- : space and vater
heating.
(d) Development of improved catalyst for dissociation NH, [(d) Dissociation of 1 7.3.1
of NHy. NH, for improved
combustion and/or
reconversion to
H,.
(e) Developnent of base-metal catalysts for oxidation co, \e) Catalytic combus~- 1 7.5.1
of CO and methanol. methanol] tion of CO or
methanol for space
and water heating.
H-3 Reversed Shift Reaction Catalys.,
Davelopment of catalyst for reversed shift reaction Catalyst €O, |Productior of CO and 2 8.3.1
for production of 0D (and methanol) by hydrogen development, methanol methanol from non~
lxeducuon of nontossil CO,. fossil sources.

A7 GO R oA
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PROGRAM H:

Table IX-8

CATALYSTS (EXCLUDING ELECTROCATALYSTS)

Relates to:

Reference to
Section VIII

Table Relevance
Fuel Problem Area No. Item No. to_Dop Priorit, Remarks
Hydra- [Hydrazine rocket 1 3.2.1 High 2 For small, long~life hydrazine monopropellant corntrol
zine engines, 3.2.2 and accessory rocket engines.

H, (a) Catalytic combus- 1 7.2.1 | Low to 3 would provide fundamental basis for Project H-2(b).
tion of H, for moderate
space and water

| heating.

(b) Catalytic combus- 1 7.2.1 | Low to 3 Would permit efficient, low-temperdature combustion of
tion of H, for moderate H, for space or water heating, in many cases without
space and water the need for venting combustion products.
heating.

NH, (c) Catalytic combus- 1 7.4.1 | Low 5 Relevance and priority ratings would increase if energy
tion of NH, for depot concept was developed using NH; as the fuel.
space and water
heating.

NH,y (d) Dissociation of 1 7.3.1 Moderate 4 For several applications of NH, as a fuel, including
NH, for improved direct combustion, vehicle engines, and indirect NH,
combustion and/or fuel cells, Work may also relate to improved NH,
reconversios~ to synthesis catalysts.

H,.
CO, |(e) Catalytic combuse 1 7.6.1 | Low 5 Relevance and priority ratings would increase if energ)
methanol] tiun of CO or depot cvoncert was developed using methanol as the fuel.
methanol for space Priority would increase if methanol was generally
and water heating. adopted as nonfossil liquid fuel.
CO, |Production of CO and 2 8.3.1 | Low 3,5 Needed for economic production process if OO (priority
methanolmethanol from non~- or methanol (prior.ty 3) adopted as general fueis,
fossil sources.
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Table IX-9

PROGRAM J: MISCELLANEOUS MATERIALS DEVELOPMENT AND FAB
Reference to
Relates to: Section Vi1l

Project Activity Table

No. Project Description Type Fuel Problem Area No. jItem No.

J-1 Fabrication of Components for Advanced Gas Turbine
and Rocket Engine Cooling Systems,

(a) Materials engineering support for the design and Materials engi- H, (a) Higher H, combus- 1 1.2.7
development of advanced cooling systems for M,/ neering. tion tempera-
air and H,/oxygen fueled gas turbines, combus- tures.
tion chambers, vanes, and blades.

(b) Materials engineering suppor* for the design (b) Highepressure, 1 3.1.2
and development of cooled, long-life, rocket very high-tem- 1.4.3
engine combustion chambers and nozzles. perature environ- 4,1.1

ment.,

J=2 Fiber-Reinforced Cements and Concretes.

Further development of cements and concretes rein- Materials and Various jLarge pressure vessels | 2 5,1.3
forced with glass fiber or chopped stesl wire for engineering and storage tanks. 2.4.1
large pressure vessels or storage tanks. Materials development. 3.4.1
may also be polymer-impregnated.

J-3 Vented-Lining Type Construction for Hydrogen Materials and H, Pipelines and storage 3 2.1.2
Pressure Vessels and Pipelines. engineering tanks, 4 2.1.2
Vented~lining design used for high-pressure process development.
vessels for hydrogen service could provide protection - -
of sipeline and storage tank materials from H, -
environments. This method might be evonomically
feasible if low-cost manufacturing and assembly
methods could be developed.

J=-4 Fabrication of Fiber-Reinforced Composites.
1a) Development of low-cost, rapid, on-site methods for | Materiels and Various | (a) Pipelines, pres- 3 2.1.5

fabrication of large pressure vessels, pipe, and engineering sure vessels, 2.3.2
storage tanks. development, and storage 3.3.1
tanks.

(b) Rapid, low-ccst methods for mass production of H, gas |(b) Small containers 3 4.1.1
small and medium size high-strength, light- m, 14q. and asgrociated 4.7.1
weight pressure vessels for high-pressure gas NH; liq. transfer and 4 4.1.1
storage, and insulated cryogenic storayge of delivery piping. 5.2.1
liquid H,, liquid NH,, ete.

(c) De‘relopment and fabrication of special low- or H, 1iq. | (c) Aircraft and space | 3 4,6,.2
zero-expansion composite materials and structures vehicle tanks;
employing controlled orientations of graphite or transfer and
sdvanced organic fiber reinforcements. delivery piping.

J-5 Friction and Wear in Gasevus and Liquid Hydrogen.

Study of friction and wear behavior of metals and Matoriais Hy H, compressors and 2 4.1.2

plastics in gaseous and liquid hydrogen. Develop- research and pumps.

ment of improved materials and materials combination: . development.
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PROGRAN: J:

Table IX~Y

MISCELLANEOUS MATERIALS DEVELOPMENT AND FABRICATION

Reference to
Relates tc: Section VIZ1
Table flelevance
Fuel Problem Area Nn.  {ltem Nc. to DoD Priority Remarks
H, (a) Higicr &, combus- 1 1.2.7 High 1 Development of advanced cooling methods is likely to
tion tompera- make the principal contribution to the use of higher
tures. combustion temperatures in gas turbines. This work
would extend existing development programs.

(b} High-pressure, 1 3.1.2 High 1 Present appiication is for long-life, re~usable rocket
very high-tem~ 1.4.3 engines but results will also apply to H,/0, combus~
perature environ- 4.1.3 tion systems for high-temperature industrial steam
ment . svstems and MHD systems.

Various |Large pressure vessels 2 5.1.3 Moderate 3 Materials system has wide general applicability.

and storage tanks. 2.4.1

3.4.1
1, Pipelé{nes and storage 3 2,1.2 Low 4 Vented-liniug design used for high-pressure chemical
tanks, 4 2.1.2 process vessels for hydrogen service might be
employed more widely if low cost manufacturing and
asgembly methrds could be developed.

Various | (a) Pipelines, pres- 3 2,1.5 Low 4 Prinarily of concern to utility industries.
sure vessels, 2.3.2
and storage 2.3.1
tanks. -

(Hg gas | (b) Small containers 3 4.1.1 Moderate 3 Relevant to DaD wits regard to on-board vehicle and

Hy liq. and associated 4.7.} marine storage of new fuels, and fuel supply storage.

NHy liq. transfer and 4 4.1.1 Also relevant to high-pressure ovr cryogenic storage of
delivery piping. 5.2.1 other gases.

M, lig. | (c) Aircraft and space | 3 4.6,2 Higl 2 Possibly a superior approach to on-board aircraft
vehicle tanks; storage of liquid Hy. Priority could be down-gr.ued
transfer and {f initizl efforts are discouraging. Likely to be
delivery riping. high-cost xaaterials.

H, H, comprossors and 2 4.1.2 Moderate 4 Present knowledge of friction and wear behavior of
pumps. materials in H, environments is limited.
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Table IX~10

PROGRAM K: TECHJOECONOMIC AND cNGINEERING FEASIBILILY A2

i Reference 1t
Relates to: Section VII
Project Activity Table
No. Praject Toscripiicn Type Fuel Problem Area No. |Iten
K-l Matericls Supply feguiretcnts for Elsctrolyzers,
A study of the matarials reguirensats and materials Taechnoaconomic VYario=s{ Planning of research 2 2.¢
availabili+y for competing advanced elect:rolyze: evaluation. and development
technologiesa. Materizls would include construction programs for the pro-
matexrials, specialty polymers eud ceramics, nodle and duction of i, .
_ ronnoble elsctrocatalysts.
k-2 Engineeriag Feasibility and Zcotomics of Bulk
Distribution of By-Product Uxygen.
Matevia:s support for ain engineering systuar ani Engineering By-pro-| Strategy decisions 3 2.4
eccnomic study of the general distribution of oxygen at~} economic duct
produced a3 a by-product of aydrogen prodaction, evaluation, 0y.
Study should include an analysis of potential
hazards.
1
-2 ;Technlcax cpd Econouic Evatuatiod of the Storage of
Hydrogen 35 Metal He<iride
Cost/benefit analysis of hydriae systems compared with | Engineering 5, sledium~ and small- 4 7.1
Yaquid and gasccus Iy for vario s storage capaeities and ¢conomic scale storage of H,.,
and applications, including peak shxving and veaicle svaluation,
ases, alerinis roéquirements .o o majcr cost element.
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Table 1X~10

_PROGRAM K: ‘TECHNOEOCONOMIC AND ENGINEERING FEASIBILITY AND EVALUATION STUDIES

Referénco to 1
Relates to3 Section VIl
Table Relevance
Fuel Problem Area Ro. Item Nu, te DoD Pricrity Rema s
Various] Planning of research 2 2.5, High i Inforxation gathered wauld also reiats 10 materials
and development reoqairesgents for large-scale use of Ival cells, Of
prugrans for the pro- high reicovance to oD kecause of pelicy decisions
duction of H,. reixtiax to defens. materials requiresents.
¥repro-| Strategy decisions 3 2.4,3 Wderate 2 if study restlts are fsvorable, 2 follew~up study of
et tho technical aad econumic factars involvid in the
Uz use aspectz of hydrogen/nxygen fuel system. Disiri-
bution study is Zivon {irst consideratr:or because it
is conside:ed the Key elvment in the overall H,/0,
system, Goneral availasility of low-cost oxygen
would aof fect many Do) intQrests.
B, Medium-~ anrd small~ 4 7.1.1 High 2 Of high relovance o ol with regord o use uf hydrid
scale stucage of I, . for on-board vehicle or =arine storage of H,.
Study necds to be done in deytd. Publ:ished pompariso
% are not considered adequate,
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